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ABSTRACT 

The present work deals with steady state analysis of 
current and torque harmonics of i iduction motor fed by 
three phase voltage source inverter. 

A method of analysing constant speed perforirance 
of symmetrical induction machine fed with nonsinusoidal 
voltages is presented. It is baaed on Fourier analysis of 
impressed voltage waveforms. Equivalent circuits for various 
harmonics are derived from machine equations which were 
established tor stationary D/Q reference frane attached to 
the stator, stator current and torque harmonics and some 
useful expressions have been derived for various performance 
parameters through frequency domain analysis. 

Emphasis has been given to each predominant harmonics 
for their irxaividual effect to motor performance characteristic 
These harmonic currents result in additional and sometines 
rather large losses. A method of predicting pulsating 
harmonic electromagnetic torque includes the effect of harmonic 
variation in motor slip and inverter operating frequency. 
Simulated instantaneous waveforms for stator current and 
pulsatir^ harmonic torque in the machine have been plotted 
on the computer. Several speed versus average torque and 
speed versus pulsating harmonic toique curves have been 
computed using the expression derived. 
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The next part of the thesis deals with the control 
harmonics by modulating motor input voltage within 
the inverter. The use of E.P. w.M. technique applied to 
thyristor inverter to obtain adjustable voltage and frequency 
IS reviewed. Only the ideally modulated inverter output 
voltage is considered to calculate voltage, current and 
torque harmonics, A theoretical study or the effect of 
changes in inverter frequency, modulation index and number of 
pulses per half cycle on machine performance characteristics 
have been carried out. 



Chapter - 1 


INTRODUCTION 


1.1 GENERAL DISCUSSION 

The advent of SCRs has revolutionized the field of 
speed control of electrical machinary. The solid state speed 
control system has many advantages over the older schemes 
which use motor generator sets« magnetic controller and gas 
discharge valves such as ( i) reliability, (li) fast acting, 

( iii) long life, ( iv) less maintenance, Cv) high efficiency 
and Cvi) low cost. 

A.C. and D.C. machines are the competitors in the 
Industrial drive Cield. Thou<^ d.c, machine and low frequency 
a.c. commutator motor have dominated the field of variable 
speed electric drive because of their inherent speed/torque 
characteristics and simplicity of control, but still a.c* 
squirrel cage induction motor is used due to its Inherent 
constant speed when operated from constant power supply. In 
addition, d.c. machines need careful maintenance and are not 
suitable when environment contains inflammable gases. Though 
the control module of a.c. drives involves complicated 
circuitry and the costs are comparatively hi^ier, often the 
economy is jrealized through the lower price of the a.c. 
machines. The rapid Irvijrease in SCR' s power handling capa- 
city has made feasible to build converters, inverters, cyclo- 
converters which are compact, reliable and efficient. These 
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have revived interest in the possibility of using squirrel 
cage induction motor due to its versatility, simplicity, 
ruggedness, less maintenance, high speed and voltage limit 
and high power to weight ratio. 

Due to conplexity of the problem encountered by the 
switching elements, exact analysis and design of many of the 
motor control systems is still under development. Output 
currents or voltage from these switching circuits are non- 
sinusoldal and the circuit voltages are difficult to deter- 
mine in 'many instants. In this connection modern digital 
computers have ccxne to the help of designers and researchers 
to a great extent. Computer based analysis and design have 
been develc^ed for many complex systems. Although conven- 
tional models of the Induction machine have been extensively 
used but many attempts have been made to develop models of 
the machine specially suitable for the application using 
thyristors, 

1.2 METHODS OP SPEED CONTROL OF INDUCTION MOTOR 

The various techniques of speed control of induction 
motors ares 

( i) Stator voltage control 
( il) Stator voltage and frequency ccaitrol 
( iii) Rotor power control 
( iv) Rotor impedence control. 



( i) stator Voltage Ctontrols This is the simplest and 
most straightforward method for obtaining developed torque 
at different speeds both for squirrel cage and slip ring 
induction motor by adjusting the stator voltages using triacs 
or thyristors in various configuration [1# 2, 3 ], Thou^ 

for parabolic speed/torqUe characteristics like that of pumps, 
fans, the control scheme suits but for constant load torque 
speed range is limited. Besides this scheme is inefficient 
at low ^eeds because slip times the air gap power goes as 
heat loss in rotor as well as pull out torque decreases as 
the input voltage is reduced. Therefore this method of 
control is employed for small machines where economy and not 
efficiency is the prime consideration . 

( ii) Stator Voltage and Frequency Control* For economic 
consideration, the magnetic circuit of the machine is designed 
such that the operating point is near the knee of the magneti- 
zation curve. When the frequency of stator excitation is 
varied, the r.a.>s. value of the stator voltage must also be 
adjusted to keep the air gap flux of the machine to be 
constant which is the most efficient method of speed control 
of squirrel cage induction motor. Normally a variable d.c. 
supply is obtained using controlled rectifiers [l, 2, 3 ] 

and the 4,c. supply is fed to an inverter which applies a 
variable frequency supply to the machine. With the help of 
suitable feedback to control the rotor slip arK3 stator 
excitation it is possible to have constant torque or cons- 
tant power operation. 



variable frequency can also be obtained using 
cycloconverter [4 ], , Since there is no d«c, link in it^ 
these are more efficient than inverter fed systems but are 
very e3q>ensive and hence applicable mainly for very large 
machines. 

( iix) Rotor Power Controls Speed/torque characteristics 

of the induction machine can be changed to suit for variable 

speed drive applications by controlling rotor power, but it 

is limited to wound rotor motor only. Both sub-syiKJhronous 

and super-synchronous speed operations are possible by 

extracting or injecting electrical power in the rotor 

circuit, A large portion of slip power can be extracted out 

and used to drive some other electrical equlpnent,or fed back 

to the a.c. mains. In this regard Kramer and Scherbius 

$ 

principles are of great importance. 

(iv) Rotor Impedance Controls The torque developed by 
the induction motor at a given speed can be varied by adjus- 
ting the effective rptor iitpedence ( in case of slip ring 
motor). Previously^ external passive elements like resistors, 
saturable reactors and capacitors were used to have hi^ 
starting torque and wide range of speed variations. Recently 
SCRs are introduced in rotor circuit to control the effec- 
tive rotor impedence end hence speed of the machine. Both 
phase controlled and chopper controlled circuits are used 
for the purpose by varying firing angle and ON-OPP time 
respectively. 


1,3 LITBEIATURE REVIEW 


1.3.1 Modelling and Simulation of Symmetrical Induction 
Machinary 

Krause [5] has described a rigorous method of anal- 
ysing the constant speed performance of symmetrical induction 
machine with applied stator phase voltage of any periodic 
form using two axes models^ conunonly used in digital simula- 
tion. This is sometimes referred to as the "Blondel two 
reaction method" [e]. It has also been shown that by employ- 
ing a series of reference fraries# d.c. circuit theory may be 
used to determine the steady state performance for non- 
sinusoidal operation whidi had been limited to analysis by 
the method of symmetrical componaits earlier. One of the 
major advantages of using orthogonal axes models is that 
the time dependence of the inductance coefficients is elimin- 
ated/ equivalent stator to rotor mutual inductance becomes 
constant by describing the rotor variables in stationary 
reference frame. 

Krause and Thomas [7] have described the simulation 
technique which would be useful in studying the performance 
of induction machine when used in conjunction with electronic 
switches in the stator. Also examples depicted in the 
above-mentioned paper serves us as guldeposts in selecting 
the best reference frame or the best combination of refer- 
ence frames in multimachine studies. 

A generalized system model for all types of slip 
ring machines including synchronous and induction motor is 
presented by Ramshaw and Padiyar [8] , 



The representation of induction motor at constant 
speed In terms of variable Inductance coefficients and 
instantaneous winding currents has been reported by Shepherd 
[ 9 ], However, no general solution is obtained and even deve- 
loped torque is a function of inductance coefficients which 
are time variant in the steady state* So, as compared with 
the two axis model fo, 7] this technique is not acceptable 
as computation is more complex, 

1,3,2 Analysis of Inductxon Motor Drxves with Thyristor 
Inverters 

Thyristor inverter generates a periodic non-sinu- 
soidal voltage for which state variable method and fast 
Fourier transformation method have been proposed to date for 
performance analysis of induction motor. Probably# the most 
popular approaches for the analysis of a.c. motor drives 
which employ non-sinusoidal sources are harmonic super- 
position technique using symmetrical components [7] or method 
of multiple reference frame [5], In the examples considered 
by Jacovides [lo]# the voltage applied to the motor is 
assumed to be rectangular# however in practical systems the 
applied voltage is not rectangular and method should not be 
used for predicting current waveforms. Besides the motor 
losses using this method can be quite significant if motors 
having extremely low p.u, rated slip are used. 

The experimental thyristor power control circuits 
shown by Paice [ill practically interesting where impor- 
tance of input currents in simple induction motor speed 


control systems are discussed and it is proved that six 
thyristor power circuit conjuration with star connected 
motor was found to be the least demanding, 

Koga [ 12 ] demonstrated that instantaneous torque 
can be esgpressed in the form of infinite series containing 
function of induction machine constants. This makes it 
possible to grasp the overall cr.aracteristics of instanta- 
neous torque, 

A method of predicting the sixth harmonic electro- 
magnetic torque of an indixition motor arising from a recti- 
fier Inverter power source is presented by Lipo« Krause and 
Jordan Cl3], This study Includes both the effects of har- 
monic variation in rotor speed and inverter voltage. But 
effect of machine parameters on the ripple torque has not been 
mentioned and twelfth and higher harmonics are not consi- 
dered though higher harmonics do not conttibute appreciably 
to speed oscillation. For practical systems, this pulsa- 
tion at low frequencies become greater than thst predicted 
by a classical constant speed, constant voltage analysis. 

The method for calculating the harmonic losses inclur- 
ding separation in various components is presented by 
Klingshirn and Jordan [14] where it is shown that harmonic 
losses are to be nearly independent of motor load, 

1,3,3 Pulse Width Modulated Inverters for a,c. Machine 

It is possible to control the voltage harmonics of 
an induction motor fed by voltage source inverter either by 
modulating the voltage waveform within the inverter with the 



aid of control logic for firing schemes or by using more 
than one inverter* Modulation within the inverter is referred 
to as pulse width modulation in literature [l5, 16, 17 3 . 

The use of P*w,M. techniques applied to thyristor inverters 
to obtain variable frequency- variable voltage waveforms is 
reviewed by Mokrytzki [17], The prime objective of such 
systems is to preserve a near sine wave envelope rather than 
to eliminate specific harmonics. This allows a potentially 
wider range of speed control by keeping harmonics in fixed 
but small proportions relative to fundamental frequency. 
However, before the application of such drives becomes fea- 
sible, the problems of complex control circuitry and rela- 
tively high motor losses must be solved. 

Pollack [l5 ] has discussed various P.H.M. techniques 
along with significant practical benefits on P.W.M, inverters. 
Normally comparison between different modulation techniques 
are based primarily on harmonic content in the output wave- 
form. 

Adams [16] has shown that adaptive ratio pulse width 
modulation scheme which conbines the beneficial features of 
several available techniques and makes the necessary compro- 
mises to optimize the operating characteristics of a modu- 
lated six step inverter. 

Generalized theoretical problem of eliminating up 
to five harmonics in half and full bridge inverter output 
waveforms was discussed by Patel and Hoft [18], The feasi- 
bility of obtaining practically sinusoidal output voltage 
waveforms which are highly desirable in most inverter 



applications Is discussed* But implanentation of the solu- 
tions is an involved problem. So results presaited by Adams^ 
Patel and Hoft [16, 18] should provide techniques that are 
practical and economical^ considering the availability of 
low cost and sophisticated integrated circuit components for 
inverter control, 

1,4 SUMMARY OP THE WORK 

In Chapter 2 , the D/q model of the induction motor, 
with axes attached to the stator has been used throughout 
the analysis, A brief description of D/Q axes model for 
three phase induction motor is given in section 2,2, 
Afterwards, machine equations are used to derive the per 
phase equivalent circuit for sinusoidal excitation. An 
ideal three phase full bridge voltage source inverter has 
also been considered in this section to determine the 
different voltage levels in the stator phases of a star 
connected (3 wire) squirrel cage induction motor for 
fundamental complete cycle, neglecting circuit commutation^ 
Lastly, primitive machine equations are used to find out all 
the stator phase voltages. 

In Chapter 3, steady state analysis for motor 
current in frequency dcxnain has been carried out. Motor 
equivalent circuit is used to find out the relation between 
stator and rotor currents as well as to determine the 
equivalent inpedence of the said circuit for any harmonic 
frequency. Each and every variable which decide the status 
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of stator and rotor current waveforms are considered 
separately* Behaviour of existing predominant harmonics 
present in the line current with tns change in inverter 
operating frequency and machine parameters has also been 
discussed in detail. 

In Chapter 4, the expression of electromagnetic 
torque from D/Q model is derived for stationary reference 
frame attached to the stator. Nature of the above-mentioned 
torque in v.s.l. fed induction motor is discussed, Whth 
the help of the fundamental expression ^or instantaneous 
electromagnetic torqte/ the expression for the aforesaid 
torque in six step V.s.l. fed induction motor is also 
carried out to find the steady and pulsating harmonic torques. 
The speed versus average torque and speed versus sixth 
harmonic torque characteristics are computed/ using 
computer programme. Instantaneous waveform for pulsating 
harmonic torque have been plotted using computer, A study 
on the effect of the changes in rotor time constant and 
inverter operating f osquency on the above-mentioned characteir- 
1 sties has oeen carried out using simulated waveforms. 

In Chapter 5, a detailed study of the effect of 
modulated inverter output voltage on current and torque 
harmonics has been carried out, Basic operation of an 
ideal three phase pulse width modulated inverter with 
180® conduction control as well as pulse width modulation 



techniques ^e discussed. Afterwards ^characteristics of 
equal pulse width waveforms are also taken care off. 

Stress has been given to all predominant existing harmonics 
of the said waveform to find out the nature of stator 
current and electromagnetic torque. Effect of modulation 
index an3 number of pulses per half cycle on current and 
torque harmonics have been discussed in detail in this 
chapter. However/ by a certain choice of the parameter of 
the modulating waveforms, it is possible to reduce certain 


torque harmonies. 


Chapter - 2 


D/Q model of INDUCTICa? MOTOR IN STATIONARY 
REFERENCE FRAME 

2.1 INTRODUCTION 

To develop a general method of analysis of rotating 
machine the underlying method depicted xn the next section 
xs very useful, Sxmulation of any problem on electric machine 
can be done using this method. The dynamxc characteristics of 
induction motor influence the overall performance of the system 
of which it is a part in many applxcations. In order to use 
dxgxtal computer effectively xt is important to have an induc- 
tion machine representation whxch can easily be arranged 
to simulate many modes of operation. To determxne the 
performance of inductxon machinery wxth any periodic voltage 
or current applied to the stator, the method of analysing using 
a series of reference frames can be used wxth the help of d*c, 
cxrcuit theory. The develojxnent of thxs method of multiple 
reference frame has been done by Krause [5], It involves the 
derxvation of operating equations of the machine by a two 
axes oriented D/Q transformation from those primitive machine 
equations. This relation can be applied to a variety of 
important specific problems of the rotating machine. 

In Section 2,2, the derivation of differential equa- 
txons describing the transient response behavxour of induc- 
txon machine and transformation from three phase balance 
system to D/Q frame attached to stator has been carried out. 



Derivation of induction machine equivalent circuit 
from machine equation obtained in Section- 2.2 has been (tone 
for sinusoidal excitation in Section 243 . 

In Section 2.4 an ideal full bridge voltage source 
inverter has been considered for finding the instantaneous 
voltage level in the stator phases of a star connected 
(3 wire) three phase squirrel cage induction motot* Depending 
upon the conduction period of thyristors ^i*e. 120* of 180*, 
one fundamental complete cycle has been considered neglecting 
circuit commutation. 

2.2 INDUCTION MACHINE EQUATIONS IN STATIONARY REFERENCE 
FRAME 

In thi.s section the equations of motor performance 
and transformation from three phase oalanced system to D/Q 
frame have been outlined. To facilitate D/Q analysis, the 
fol lowing assumptions have been mades 

( i) uniform air gap between stator and rotor, 

( ii) linear magnetic circuit, saturation is ignored 
so superposition can be employed, 

( iii) identical stator windings distributed so as to 
produce a sinusoidal m.m.f, wave in space, with 
the phases and arranged so that only one rotating 
m.m.f, «ave is established by a balanced three 
phase stator currents, 

( iv) rotor coils or bars arranged so that at any fixed 
time, the rotor m.m.f. wave can be considered to 



be a space sinusoid having the same number of 


poles as the stator m.m.f, wave. 

(v) leakage inductances o£ the phases of the machine 
are considered to be Independent and lumped , 
further it is assumed that stator and rotor 
leakage inductances are constant at all frequ- 
encies. 

So machine is regarded as a group of linear coupled 
circuits. 

The symmetrical three phase induction machine 
shown in Figure 2.1 will be employed for development of 
equations# with appropriate subscript^ i.e. a, b, c (for 
stator quantities) and A, B, c (for rotor quantities)/ the 
following voltage equation is applicable to each phase 
winding of stator and rotor. 

V = p \ + r,i ( 2,1) 

where 

^ s total flux linkage par phase 
r j winding resistance per phase 
p s the operator d/dt 

V and i are phase voltage and phase current respectively. 

The flux linkage equations for a tnree wire machine may be 
expressed as, 

^a - 


^aa*^a ^ab^ ^ + ^c^ 

+ Lg^[i^.Cos»2 + 13.003(62 + 120*) + 1^.003(62 - 120®)] 
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^b = 

li s i, + 

aa D at) c a 

+ L^[i^,Cos(©2 - 120®) 



-f ig^CosG^ + i^*Cos(© 

2 + 120®)] 

(2.2b) 

\ 

c 

^aa-^'c + W^a "b> 

+ Lg^[l^.Cos(©2 + 120®) 


and 

+ ig.Cos(©2 - 120*) + 

1^®C0S©2 ] 

- in stator side 

( 2,2c) 

\ - 

^AA*^A ^AB^^ **■ 




+ ib.Cos(©2 - 120®) + 

1^.008(02 + 120®) ] 

( 2.3a) 

X _ 
B 

^AA*^B ^AB^^C ^A^ 

+ l'aA[ia*^°®^®2 + 



+ ib.Cos©2 + i^,Cos(© 

2 - ^20*’) ] 

( 2.3b) 

* 

^AA*^C ^AB^^A ^B^ 

+ Lg^[i3.Cos(02 - 120®) 



+ ib.Cos(©2 + 120®) + 

ic*Cos®2 ] 

- in rotor side 

( 2.3c) 


where 

^AA * inductances of stator and rotor winding 

respectively. 

Lab# s mutual inductances between phases of stator 

and rotor winding respectively, 

: peak value of stator to rotor mutual induc- 
tance, 

©2 t angular displacement between stator and 


rotor axis 



in stator side 


^aa = ^ = ^cc I-ab = ^ = ^oa 

h*‘SB = ^<x: ^ = ^ = ^ 

^ ^aA - ^ “ ^cc^ 

As mutual inductance vary with the displacement angle 
© 2 / so time varying coefficients v/ill appear in the voltage 
equations. This undesirable feature can be eliminated by 
proper change of variables, which leads to transformation of 
voltages and currents of both stator and rotor to a common 
frame of reference. It is helpful, however^ to correlate the 
change of variables to tricpnometric relationship which exist 
between sets of axes. Figure 2,1 shows the angular relation 
of stator and rotor axis of a three phase machine with the 
new set which is an orthogonal set (D/Q axis) rotating at an 
arbitrary electrical angular velocity ‘o'. So it is clear 

w 

that a-b-c set is fixed in the stator and A-B-C set is fixed 
in rotor and hence rotates at an angular velocity d9^dt. 

The angular relationship between three sets of axis at time 
origin (t = O) can be selected arbitrarily. 

The transformation equation which can be correlated 
to relative angular positions of the axes in the Figure 2,1 
are written as follows: 

With all three stator phases excited component m.m.fs along 
D/Q axes are 

* N^[^=.Gos c^^t + f- .Cos(Q^t - 120^*) + f .CosCo) t + 120°) 1 

iq a^-a ebe ce -• 

( 2.4a) 



^Id 

and 

*2, 

*2cl 


N^[£^.Sin + f^,Sln(0^t - 120®) + f^-Sin(W^t + 120®)] 


e 


e 


- in stator side 


( 2.4b) 


N^[£^.C:tos ©g + fg*Cos(©g - 120®) + f^.Cos(©g + 

[n^ f^.Sin ©g + £g,sin(©g - 120®) + f^.Sin(Og + 

- in rotor side 


120 ®)] 
(2.5a) 
120 ®) ] 
(2.5b) 


where 


t effective tums/stator phase 
t effective tums/rotor phase 
0g : angular displacement between rotor phase A and 
the Q axis. 


Now if 


■Id 


^a * ^Id 

K.. 


and 


■iq 




K 


q 


where K. and K are arbitrary constants/ and if K, and K 
a q ' d q 

are taken as 2/3 in order to simplify the numerical co-effi- 
cient in the later equations/ then 

ij^q = ^ [i^.Cos <«>gt + ij^«Cos( w^t - 120®) + i^.Cos(( 0 gt + 120®) ] 

( 2.6a) 


ild = f “e^ ib*5in(<ij^t - 120®) + i^.Sin(o>gt + 120®) ] 


( 2,6b) 

Therefore# will denote Q axis and D axis instanta- 

neous stator currents respectively. 



The reverse relation# obtained by simultaneous solu- 
tion of equation( 2.6a) and (2,6b) in conjunction with the 
equation igi + = 0 

« ij^g, Cos 0 ) ^t + ij^^.Sin oj^t (2,7a) 

ib = “ ^20®) + ij^^.Sin(agt - 120®) (2.7b) 

^c = + i3^^.Sin(0^t + 120®) (2.7c) 

Similarly for rotor currents also. 

So in the equations (2.4) and (2,5) 'f can represent 
either voltage# current or flux linkage and it is seen that 
transformation equations are valid regardless of the form of 
the voltage and current in either the stator or rotor* Again 
if ^however, only balanced condition is to be considered# the 
three voltages or currents are defined by any two# i.e. a 
third substitute variable is unnecessary. Then, 

^Iq ® f ” ^20®) + \^,Cos(«^t + 120®)] 

( 2.8a) 

^Id “ f ■" + \^.Sin( w^t + 120®)] 

( 2.8b) 

Now conibining equations (2,8a) and ( 2,8b) with equations 
(2.2a)# (2,2b) and (2.2c)# 



^Iq 

- hl-^lq + 1 ^aA'^2q 

( 2.9a) 

and 

^Id 

3 

* Hl*^ld 2 ^aA*^2d 

( 2.9b) 

where 

Lii « 

^aa • ^ab ^ ^2q' denote 

Instantaneous 


Q axis and D axis rotor currents respectively. 
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Similarly for rotor side. 



X 

2q 

“ ^22* ^2q 

1 L i 

2 ^aA*^lq 

( 2.10a) 

and 


= 1422* i2d 

It i 

2 ^aA*^ld 

( 2.10b) 

where 

^22 

“ ^AA “ ^AB* 




Again expression for D/Q component of the stator 
voltages are as followss 

V- sa -ffv .Cos w t + V. .Cos( (i) t - 12D®) + V .CosCo t + 120®) 1 

(2.11a) 


and 

= ^[v^.Sin + Vj^,Sln( w^t - 120®) + v^.Sin( u^t + 120®)] 

( 2.11b) 


But for phase* a', Vg^ = ^l*^a ^^a equation 2j,l) 

i^ = ii^.Cos w^t + i-..Sin(i) t (from equation 2.7a) 
a xq e xa e 

Similarly for stator flux linkage, 

V 

” V'®”* “e‘ 

t. , and i , X can also be expressed with the help of 

D JD C C 

equations ( 2.7b) and ( 2.7c) respectively. 

So after sin^plif ied,> 


""iq * 

^I'^lq + P \q + • ^Id 

( 2.12a) 

"^Id * 

*^l*Hd * ^ ^Id ” We • ^Iq 

(2.12b) 

Again similarly 

for rotor quantities/ 

\ 
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^2q 


( 2.13a) 

'^2d 

“ '2‘^2a ■*■ P 

( 2.13b) 

where r^^ * 

Stator resistance/phase 


^2 * 

rotor resistance/phase 



V 2 q/ ^ 2 ^ are Q axis and D axis rotor voltages respectively. 

In general, the machine paramsters are measured with 
respect to stator winding with rotor variables referred to 
stator windings. The self Inductance Is separated Into 
leakage Inductance component and magnetizing Inductance 
component to obtain the following voltage equations. 


where 


^Iq * ^1-^lq + P ^Iq + “e • ^Id 


’^Id 


2q 




= r^.l^^ + P - 6Ae . Xiq 
= ^2-^2q + P ^iq + ?^id^P®s> 

= r^a^ 4- PX^ ^q(pe3) 


^Iq “ hs*^lq + ^^^Iq + ^2q^ 
^Id “ ^ls*^ld ^^^Id '*■ ^2d^ 


?^2q 

= 

^2s*^2q 

M( 1^^ + 

^2q^ 


as 


M( + 

^2d^ 

M * 

3 

2 

^aA ' 

^13 = 

hl- 




= 

^2- 


3^3 


3 ^a, 


aA 


aA 


(2.14) 

(2.15) 

(2.16) 
(2.17) 


and quantities with priite are rotor quantities referred to 


stator 



New equations (2.14), (2.15), (2.16) and (2,17) may be 
expressed in matrix form as 


iq 



“eHl 

Mp 

i 

3 

^Id 


— M L, 1 
*e 11 

( r^+L^jP) 


Mp 

^2q 


Mp 


( r^+L^2p^ 

(6) -0) )L'^ 
e r 22 

V* 

^2d 


-(O - w JM 
e r 

Mp 




X 



2q 

2d 


(2.18) 


It IS clear that voltage equations of symmetrical 
induction machine may be esqiressed in any reference frame by 
setting the speed of arbitrary reference frame co is equal to 
the speed of desired reference frame. For example, selecting 
a stationary reference frame we get from the transformation 
equations (2,6) and (2,7) by substituting (Oq “ ^ 


^Iq 

2 

3 

1 

- 1/2 

- 1/2 


^Id 

xs 

0 

- 3/2 

3/2 



(2.19) 


and 


^a 


1 

0 

*b 


-1/2 

- 3/2 



-1/2 

3/2 




( 2 . 20 ) 



And# voltage equations eaqjressed in stationary 


reference frame may be obtained by setting a* O xn tdie 
equation (2*18) for squirrel cage induction motor (i.e. 

V 2 g * =» O)#so equation (2,18) reduces to the following 

form 


^iq 

^id 


C rj^+Lj^j^p) 

0 

o 

( rj^+Lj^^p) 

Mp 

0 

0 

Mp 

0 


Mp 

- OJj^M 


- “r^22 

0 

i 


Mp 

“r^22 

( r2+lj22P) ^ 


X 





( 2 . 21 ) 


This equation is used for the analysis of voltage source 
inverter fed induction motor frcxn this section onwards. 


2,3 DERIVATION OF INDUCTION MACHINB EQUIVALENT CIRCUIT FROM 
MACHINE EQUATION FOR SINUSOIDAL EXCITATION 

Consider that the motor is operating at constant speed 
with balanced voltages v_ » 2 V- .Cos (o„t 

cL X 3 

Vjj = V2 V^.CosCOgt - 120®) 

V = V2 V, ,Cos((i) t + 120®) 

C X S 

applied to the stator with rotor shorted. Let the three stator 

and referred rotor currents are 
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and 


i_ V2 I- .Cos( co„t + a- ) 
a 1 s 1 

sz ^2 Ij^.CosCwgt + - 120®) 

2 I^^.CosCojgt + + 120®) 

ZB 'f 2 I^,Cos( (ijgt + CL^ 

Ig = ^2 I^.CosC c^t + a 2 - 120®) 

» V2 I^*Cos(o)gt + a2 + 120®) 


where and 1 2 are the r.m.s, values of stator phase 

voltage# stator and referred rotor line currents respectively. 
^1* ®2 arbitrary phase difference angles with the 

stator voltage. With the help of matrix equation ( 2.19) for 
D/Q transformation under stationary reference frame# the 
component quantities for stator voltage# stator line current 
and referred rotor line current are as follows: 


Stator voltages: 


Stator currents: 


Rotor currents: 


Vj^g ss V 2 Vj^.Cos cc^t , 

Vj^^ *= -V2 Vj:,Sin (dgt 

as V 2 Vj^.CosCUgt + it/2) 

ij^g a= V 2 Ij^.CosCWgt + 

ild “ 2 Ij^.Sin(cOgt + 

=z 2 Ij^.CosCojgt + + ti/2) 

i^ sa V 2 I^.Cos((.^t +a2) 
i^ * - ''‘2 I‘2.Sln(a)gt + a2> 

as V 2 I^.C0S(6)gt + 0 , 2 + 11 / 2 ) 



This is naturally to be expected on sinusoidal 
balanced voltages injected in the three phases. In 
steady state analysis we are usually interested in relations 
involving r,m*s* currents and voltages rather than instanta> 
neous values. A convenient link between D/Q variables and 
r.m.s. jrfiase variables was already furnished by matrix equa- 
tion ( 2. 20) , 

As stated earlier, the Q axis is so placed that it 
coincides with the axis of phase ^ a’ at t = O, so now Q axis 
quantities can be written in phasor form as follows, 

again 

ild ' '^2 + f - J + i) = J 1^ 

and Via =V2 Vj/f = J . 

From machine equation (2, 21) we can take out first and fourth 
sub-equations for finding out the machine equivalent circuit. 

Considering fourth sub-equation of the matrix equa- 
tion ( 2, 21) 

o . Or>».liq + MP.iia * “r42*^ai * I-22*’>^M 

substituting p = jm (for sinusoidal input) we can get the 
steady state machine equation involving the relation between 
stator and rotor currents as follows: 


O . + J“a"-^Xd + + ‘=2 + ^“s 




or 


0 



where slip S 


to- - to_ 




S 


Now substituting for and 


r * 
^2 


+ (-^ + J0„L‘ )!• 


Again to find the relation between stator voltage 
and motor current at steady state we have the first sub- 
equation from the matrix equation ( 2*21} 


( 2 . 22 ) 


''iq •= ‘""l + hlP>^lq + “P 


2q 


or 


iq 


(rj^ + 


iq ■ •'"'s 2q 
( substituting p 


J“s’ 


Now substituting for ^j^g ^2q 


+ J«g Hl^^l + ^“s *^-^2 C2.23) 

So combining equations (2.22) and (2.23) in matrix form 


jco.M 


j(0 M 
s 

r * 

+ Jtog 1*22^ 


(2.24) 


Equation ( 2. 24) can also be written as 


f 

1 


0 


•P* — 



ri+jtog( 


M 


JtogM 


JtogM 




[• 


(2.2S) 


This equation (2.25) suggests the equivalent circuit shown 
in Figure 2. 2( a) . 



A^rajLn following matrix equation is also valid 


for the circuit shown in Figure 2.2(b) where in place li 


we have considered 1 2 # where = ^2 


■— — 


r 

a -1 

N_ 1 



A 



N 

N, ? *:■, 

0 

j 

A 

‘nT’ ‘ s* ‘ 

— 


I (~) 

Oi 


(2.26) 


But commonly the reference direction of rotor current is 
opposite to that of So equation (2,26) can be written as 


( rjL+J 6 )g 


j Q M 
s m 


3 M 
s m 


‘s 


-I' 

r 


(2,27) 


and corresponding equivalent circuit is shown in Figure 2.2(c)« 

where leakage inductance of stator = (^11 ” 

leakage inductance of rotor *= - M ) 

'22 m 

^a ^a 2 

and magnetising inductance = M(— ) and rL = r^(— ) * 

m N, 2 2 N, 


2,4 DISTRIBUTION OF INPUT D.C. VOLTAGE ACROSS THE STATOR 
PHASE IN AN IDEAL VOLTAGE SOURCE INVERTER 

Figure 2,3 shows the voltage source bridge inverter 
feeding three phase star connected losd. The constant volt- 
age source is obtained from a three phase voltage converter 
along with L-c filter. Here two types of inverter control 
technique are discussed s 



( a) Tlire© thyristor •conduction or 180® conduction control 
technique, and 

(b) Two thyristor conduction or 120® conduction control 
technique, 

2.4,1 180® Conduction Control Technique 

In this control three thyristors conduct at any 
instant as per the mode sequences, Either two thyristors 
from top half and one from the bottom half or two thyristors 
from bottom half and one from the top half conduct. Each 
thyristor conducts for half the inverter time period. 

Generation of basic six step waveform 

The inverter power circuit shown in Figure 2,3 
consists of six switching elements which are located between 
d.c. bus and the load. An analysis can be made of this power 
module by replacing each thyristor with a mechanical switch. 
Then the development of an a.c, waveform is accomplished by 
simply letting these switches conduct alternately over a 
given interval. The top switches and Sg) creating 

the positive outputs and the bottom switches and S^) 

the negative outputs. The voltages swings are with respect 
to a theoretical d.c. neutral. This latter point was devised 
only to simplify the discussion. Figure 2,4 illustrates the 
waveforms derived from this alternate switching action. The 
indicated switches are sequenced to give a 120® phase dis- 
placement between the three phases. The instantaneous values 


of V. 4 and can be used to determine the actual 
ao DO CO 

output voltage waveforms shown in Figure 2.4(a). 

Line to line voltages relationships will be as 

follows: ■'bo = ’'bo - ''oo ’'oa “ ’'oo " ’'ao 

The rSsultant waveforms Vj^ and v^^ are shown in Figure 

2.4(b). The line to neutral waveform clearly indicating the 
six step envelope can be calculated and plotted with the aid 

ao DO GO 


an 


"bn 


cn 


2 

3 ao 


2 

3 ’'bo 


I ”00 


1 , 

3‘’'bo 

h 

3 ^co 


l‘’'ao 


+ V 


CO 


+ V 


ao 


+ V, 


bo 


) 

) 

) 


Such a representative wave is shown in Figure 2.4(c). 
Thus a basic six step waveform is achieved by the simple 
switching action of the three phase inverter power bridge* 

This basic six step waveform can also be achieved 
for a star connected induction motor load, which is as follows 
From fundamental voltage current relationship for a 


winding (v =r*i+ pl^) , we get 


’'an - 

( 2.28a) 

’'bn - r^-lb+P'^b 

( 2.28b) 

'cn ' "l-^c 0 

( 2.28c) 


where X is the flux linkage with the winding denoted by 
subscripts. Voltage symbols denote voltages applied to the 
winding and currents are directed into the winding. 



Depenciing upon the switching of the thyristors 
(Figure 2.3) for each mode (one sixth of the total time 
period) the following equations are valid: 


Mode 

I 

^an - 

^bn 

= 

^dc 

T 

^cn 

ss 

^an 

(2.29a) 

Mode 

II 

^an ” 

^bn 


^dc 

• 

/ 

^bn 

ss 

^cn 

( 2,29b) 

Mode 

III 

^bn- 

'^cn 


^dc 

; 

^an 


^bn 

( 2.29c) 

Mode 

IV 

^bn - 

^cn 

- 

^dc 

• 

/ 

^cn 


^an 

(2,29d) 

Mode 

V 

^cn ^ 

^an 

s: 

^dc 

• 

/ 

^bn 


^cn 

( 2,29e) 

Mode 

VI 

^cn 

^an 

s 

^dc 

/ 

^an 

ss 

"^bn 

(2.29f) 


Now adding equations (2.28a), (2,28b) and (2,28c) 


''an + ’'bn + ’'on “ "I'^a + + V + ^^''a b 

( 2.30) 

As i^ + i. + i = o and \ sOat balanced condition, 

ol ID C 3. D C 

therefore, with the help of equations ( 2,29a) to (2,29f) for 

different modes* equation (2,30) becomes as follows: 


Mode 

I 

^^an 

** 


9 

0 

( 2.31a) 

Mode 

II 

^'^an 

- 

2''dc 

ss 

0 

(2.31b) 

Mode 

III 

3n 

- 

^dc 

ss 

o 

( 2.31c) 

Mode 

IV 

3n 

+ 

^dc 

ss 

o 

( 2.3ld) 

Mode 

V 

an 

+ 

u 

(N 


0 

( 2,31e) 

Mode 

VI 

an 


^dc 

- 

0 

( 2.31f) 


So, would be V^^3 (Mode I and III), 2V^^/3 (Mode II) , 
-V^c/3 (Mode IV and VI), and -2V^^3 (Mode V). 



and can be known by substituting the values 


v__ in the equations (2,29a) bo C2,29f) for various nK 3 de», 

Oil 

Proceeding along similar line during modulation 
( Chapter 5) , if top or bottom three SCRs are conducting then 


^an ' ^bn 


therefore. 


= O and V 
bn cn < 

''an 

bn cn 


s 0 and ^ a + ] 


cn 


an 


( 2,32) 


+ X ^ = O as well as 
c 


^an + ^bn + ^cn » O ( equation 2,30) , therefore 


ati jDn cn 


2,4,2 120** Conduction Control Technique 

In this control, two thyristors always conduct at a 
time as per the firing sequences, i,e, one thyristor from top 
and one from bottom half, and each thyristor conducts for one 
third of the total inverter time period. It means that one 
phase out of the three phases remains open all the time. It 
has been shown in Appendix *b* , that when the current through 
the romaining phase reduces to zero, from that instant only 
that particular phase will remain open circuited for a frac- 
tion of one sixth of the total time period. The time interval 
for which open circuitry occurs depends on the inverter freq- 
uency as well as the time constant of the load. Figure 2,5 
shows the d.c, voltage distribution in all the three phases 
of the load for time period *T' assumed load to be resistive. 
Typical voltage distribution as well as current waveform for 
R-L load have been shown in Appendix »b* . 
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Fig 2.2 INDUCTION MOTOR EQUIVALENT CIRCUIT 


(a) Corresponds to equation (2 25) 

(b) Corresponds to equation 1 2 26) 

(c) Corresponds to equotion (2 27) 





(q) theoretical line to D C. neutral voltages for 180® CONDUCTION 
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Fig. 2.4 VOLTAGE WAVEFORMS FOR 3 PHASE INVERTER 
POWER CIRCUIT. 




FIG 2 5 3 PHASE LINE & STATOR IN}LTAC£S FOR 128 I^GRIS COtOUCTlOl 
















Chapter - 3 


mmOD OF ANALYSIS IN FREQUENCY DOMAIN 

3,1 INTRODUCTION 

This chapter presents the steady state analysis 
for currait of three phase squirrel cage induction motor 
fed by voltage source inverter having 180 degree conduction 
control technique. This analysis has been carried out for 
deteimning the motor current v»ith all existing harmonics 
in inverter output voltage under different operating condi- 
tions, But in actual computation higher order harmonics 
have not been taken into consideration due to very low 
harmonic content. 

Here motor equivalent circuit equations (2,22) 
and (2,23) of the section 2.3 have been considered to find out 
(i) the relation between stator and rotor currents and 
(li) the effect of inverter output voltage on motor currents. 
These are primarily dependent on machine parameters# though 
operating condition is also important in this regard# but it 
IS of secondary importance. 

The important features which decide the status of 
stator current waveforms including all lower order harmonics 
are as followst 

(a) Fundamental stator r.m.s. current 

(b) Harmonic stator r,ra,s, current 



(c) Fundamental slower factor angle 

(d) Harmonic power factor angle ^ 

For rotor current waveforms including all predominant 
harmonics, four additional featuzres need to be considered, 
viz, 

(e) Magnitude relationship between stator funda- 
mental and rotor fundainantal currents 

(f) Magnitude relationship between stator harmonic 
and rotor harmonic currents 

(g) Phase relationship between stator fundamental 
and rotor fundamental currents 

(h) Phase relationship between stator harmonic and 
rotor harmonic currents. 

In section 3,2 Fourier analysis of the inverter 
output voltage has been carried out and it was transformed 
to O/Q axes for determnLng the motor currents in D/Q axes. 

Frequency domain analysis has been done for stator 
voltage, stator and rotor currents in section 3,3, Firstly 
a relationship between stator and rotor currents was 
established in section 3.3.2 assuming possible expression for 
stator current which has been dealt in section 3. 3,1. In 
section 3,3.3 rotor current variable was replaced stator 
current variable. Fundamental and each existing harmonic of 
the stator voltage are defined in section 3.2, and eadi 
conponent of the above-mentioned voltage is also related with 



corresponding stator current conponent of the motor line 
current for constant machine parameters (Appendix — *A*)* 

So fundamental and other harmonic components of the motor 
current (magnitude and phase angle difference with the 
corresponding voltage terms) can be detexrmined. 

Behaviour of these existit^g harmonics present in 
the line current for the machine under consideration with 
the change in inverter operating frecjuency and machine 
parameters has been discussed in section 3,4. In section 3,4.1 
only ratio of r,m,s, harmonic current to fundamental r.m.s. 
current has been considered as a measure of individual 
harmonic content in stator current. Variations of fundamental 
power factor and harmonic power factor with motor speed have 
been deleted in section 3,4.2, These power factor angles 
play a very inportant role in determining the instantaneous 
current waveform. 

In the last section of this chapter, effect of 
operating frequency and change o£ machine parameters on motor 
current for varying speed have been discussed. Section 3,5.1 
and 3.5,2 are made separately for distinguishing the 
characteristics of fundamental and harmonic currents respecti- 
vely, Effect of harmonic currents at different speeds of 
the induction motor on normal fundamental line current has 
been studied in section 3,5.3 for different inverter 
frequency operation. 
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3,2 EXPRESSION FOR HARMONIC CONTENT IN INPUT VOLTA<® 

Only 180 degree conduction control technique of 
three phase 'bridge inverter shown in Figure 2*3 is consi- 
dered here where three thyristors conduct at any instant. 
The voltage distribution of d*c, input wltage in all 
stator leases of the induction machine under all possible 
modes over the entire tine period of T is known from 
Figure 2,4, 

As motor terminal voltage is a periodic continuous 
function of time, then a Fourier series for the voltage can 
be obtained* 

Stator phase 'a* to neutral voltage Figure 2*4(c) 


v^^ = v(<D t) » V. /3 for 0< a)„t< n/3 and 2it/3 < w t < ir (3,1a) 
an s GO s s 

s -V^^/3 for It <(i)gt < 4V3 and 5m/3 «^gt< 2 it (3. lb) 
* 2V^^/3 for ii/3 < &)gt < 2%/3 C3,lc) 


* -2V^c‘^^ “s*^ (3. Id) 

where (H is the output angular frequency of the bridge 
s 

inverter* 


From Founer method of wave form analysis. 


V as vCo) t) = 
an ' s ' 


2V^^.Sin( (^gt) 
!E 

2V,„.Sin(7W t) 
ac s 

7 * 


2V^C*S^^( 5<^„t) 


,S±i 

irr 
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2V^^.Sin( ll^gt) 


oo 



or^ 

’'an “ 

v(£«)gt) 

so# 

’^n = 

2’'dc 

% 

arid 

^cn 

n 


% 


s 


S Sin n(cOgt - 


2 Sin n(Ct) t + ■^)/n 

S o 


(3. 2a) 
(3.2b) 

( 3.2c) 


where n = 1,5#7,,11,13,17, 19,23^ 25. ..oo . 

After transformation in D/Q axes of equations (3.2a), (3.2b) 
and (3.2c) 


iq ” % 

GO 

2 

n=l,5,7,ll 

Sin(nai t)/n 

S 

(3.3a) 

and 

[Cos(cOgt) - 

Cos( 5W t) Cos(7<^ t) 

. . - S_,„ s __ 


5 + 7 



Cos(llw t) 

S n 

n — + CO ] 

? Cos(n(d>t) “ Cos(n«t) 

nd ro I.n=l,7,13 n n*5,ll,17 n J 

(3.3b) 

Figure 3.1 shows the waveform of and as a periodic 
continuous function of tine. 

The stator voltage of the induction motor fed by 
V.S.I, is antisymmetric about t *= 7i , i.e.vCw t) =* — v(m tfit), 

S S3 

This implies the absence of even harmonics in the input 
voltage fed to the motor. Again trip lens see also absent 
because the sian of the voltages in all three phases is zero 
in this case of three phase three wire motor connection. 



3,3 PREOJENCY DOMAIN EXPRESSIONS FOR STATOR VOLTAGE, 

STATOR AND ROTOR CURRENTS 

In the las-t section it was noted that ii^ut voltage 
fed to the stator windings of the induction motor contain, 
only non-triplen odd positive aid negative ^guence harmonics. 
Result of which, there will be also non-triplen odd harmonics 
in stator and rotor currents. One can apply the terms of 
voltage series to the linear equivalent circuit and obtain 
the corresponding harmonic term of the current series. 
Neglecting saturation, the principle of superposition holds 
and the current produced by each harmonic is inlependent of 
the others. Thus each term of Fourier series represents the 

voltage as a single source as shown in Figure 3,2, Only 
modification in erjui valent impedence network is that at each 

harmonic frequency, n(o_ is used to c»rnputB the corresponding 
harmonic current, 

3,3,1 Expression for the Srator Current 

let I be the r,m,s. value of the fundamental cotnponent 
of stator current, i^nd Ihase di placement 

angles between nth stator harmonic voltage and nth states: 
harmonic current for Q and D axes respectively. and 

are the ratios of magnitude of stator harmonic current to 
magnitude of fundanental component of stator current for Q 
and D axes respective ly. So the expression for stator 
current as per preceeding discussion will be as follows# 


GO 


^xq “ ^llq + ^15q + ^17q + 


= i 


Inq 


and + 1 ^ 5 ^ + 


•17d^ 


► C30 


= I 


Ind 


where n = 1#5, 7, 11^13,17*. ,cx> . 

So, ancl can be written to be equal to 

'*' ®nq^ ''■ ^nd^ respectively. 

Where and are the nth harmonic magnitudes of stator 

current for Q and D axes respectively. 


So as per the definition of K ^ and K ,, 

nq nd 


nq 


-s Inq 

^ 2li 


and K 


nd 


^Ind 


Therefore, i-j^g = ^^21^ S K^g« Sin( mo^t + 

or, ^ ~f2l^z K„qi e(„, (3.4a) 

Similarly, i^^^ = V 21^^ S Cos(na)gt + 0^ 

or, ij^ = + V2) (3,4b) 

where n = l,5,7,ll,13,.,,..oo. 


3,3,2 Expression for the Rotor Current 

Equation (2,22) shows the relation between stator 
and rotor current jAiasor having angular frequency oc^ witii 
the machine parameters azxS speed of tl:^ machine, which is as 


r- . 1 ^ + j»> 3-«r)42.IJ 


follcws^ 


O = M + 


Implies * 


-j (“g-V 


’=2 + J<V“r>^22 


(3.5) 


So, the fundamental con^nent of Q axis rotor 


current referred to stator 
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(3.6a) 


And for nth harmonic Q axis -rotor ‘currant, referred -to»tptator 
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Inq ■" ®cn*^lnq 
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=s V 2 I 1 K C Z ( a « + {2f ) [with the help of eqal3,4a)] 

1 nq n cn nq ‘- 


So, expression for Q axis rotor current is as follows* 


^2q ^2lq ^2Sq^ ^bq. 


+ i nC 't ^ o' 


... .OO ^ S 


or in Other way. 
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Simxlarly , 


•2d 


V2I, S 


K ,.C 
nd n 


Cos(a 


CXI 




or. 



K -.c Z(a „ 

nd n cn 


+ 0^^ + «/2) 


C3*7b) 
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So, for fundamental. 


-•t f* * 

^21a _ ^21d 

^llq ^lld 





Thus here represents the ratio of rotor to stator 

nth harmonic current and a is the phase angle differenoe 

cn 

between these two current phasors. 


Figure 3,3 shows the variation of this ratio with 
fundamental slip for fundamental and other harmonics. At 
normal frequency of 60 Hz (Figure 3,3(e3, this ratio is 
almost constant within the fundanental slip ranges of 
[(0.1)to(l,0)] and [ (-0.1) to (-1.0) ] owing to the fact 
that the magnetising reactance is very high compared with 
the rotor resistance. At synchronous gpeed, as ipotor circuit 



IS open# fundamental rotor current reduces to zero and C-j^ 
becomes zero. But at "very low frequency J]Figure 3, 3(b)] 
rotor resistance beccanes comparable with magnetising react- 
ance, due to which never remains constant. It decreases 
as fundamental slip approaches to zero. For all other 
harmonics r^ is always negligible ODmpared to the zx)tor 
leakage reactance, even at low frequency as a result cf 
vrfiich Cjj beccanes always constant throughout all speed 
ranges. 


3,3.3 Expression for the Stator Voltage 
Prom equation (2,23), ^ 

which irtplies that stator voltage having angular frequency 

0 )_ is related with stator and rotor current along with 
s 

machine parameters. Therefore, fundamental component of 0 axis 
stator voltage 


’llq = ^llq + J ““ ^21q 

For nth harmonic, expression becomes as follows* 
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Equation 3, 9(b) can be rewritten as 
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= V 2 I, 
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X 

n=l,5^7 


oo 

n=l^S,7 

’'na"^n^'“zn + '^nd (3.10b) 


Again * ^n ^ ^^zn represent equivalent impedance 

for nth harmonic voltage v^^ lootaing from stator side with 
rotor shorted* 


3,4 METHOD OF ANALYSIS WITH RESULTS 

Prom equation 3*3( a) and 3, 10(a) 
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and a^l + ^iq = O (3,12b) 

Now dividing equation 3, 11(a) by 3.12(a) gives 
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and from equation 3.11(b) 0, 
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Again lnq “ 21^^ therefore « 1, 

'^^l Z, 

So equation 3, 13(a) reduces to K = (^ST") (3.1^) 

nq nZjj 


Expression for has already derived which is depen- 
dent upon the machire paraneters and angular harmonic fzequency 
(nw ) of the input voltage, Z. can be found by substituting 
n ss 1 in the expression of Z^^. In the same way, for 
n =» 1,5,7, 11,,.. etc. can be known from the equation 3.13(b) , 
In the same fashion can be found for various harmonics. 

Expressicoi for has also been derived earlier. So 
putting n « 1 in that expression of a^l ^ found. 

So just by changing the value of n, 0^^^ can also be determined 
for n a* 1,5, 7,.,. .etc. Same method is also valid for getting 



^nd existing harmonics, 


3.4.1 Effect of Operating Frequency and Machine Paramsters 

on Current Harmonics 

Absolute values of or for fundamental and 
other three harmonics are plotted In Figure 3*4( a) for normal 
operating frequency of 60 Hz* The plot shows that close to 
synchronous speed , harmonic currents compared with fundamental 
become appreciablly high and at synchronous speed due to 
minimum value of fundamental current# the value of oc 
^■nd maximum. It is found that and 

become 77,U5t,39*4>^ and 16,02% respectively at zexxi funda- 
mental slip (Table 3,1), 

Again in Figure 3, 4(b)# the same characteristics are 
shown malcing r^^ to be ideally zero. As equivalent harmonic 
reactance strongly predoim. nates over r^^# only slight changes 
are obtained in this characteristics as congoared witl\ 

Figure 3#4(a) to make it almost symmetric about the motoring 
and generating region. 

At low frequencies/ harmonic currents are comparable 
with fundamental r.m,s» current. So ratio of harmonic to 
fundamental current increases as operai^ng fxequency decreases 
irrespective of all harmonics# except close to synchrcaious 
speed (fundamental slip » ^ o,lo). But with the decrease of 
frequency# fundamental current does not decrease at a r^id 
rate as speed approaches to synchrcaaous speed. As a consequence 


of which harn»nlc content in current beccanes less at zero 
fundairental slip^ as compared with normal frequency# 

Figures 3«4(c) and 3.4(d) show these behaviours for inverter 
operating frequency of 30 Hz and 10 Hz. 

Again at low frequencies# r^^ is conparable with the 
equivalent reactance. Thus absence of r^^ makes this ratio 
to be still higher than for normal lew frequencies which are 
shewn in Figures 3.4(f) and 3.4(h) [as compared with 3.4(e} 
and 3.4(g) respectively ]• 

3.4*2 Effect of Operating Frequency and Machine Parameters 
on Power Factor 

( a) Fundamental Power Factor 

It is defined as the cosine of tJbe i^ase displacacaent 
angle between fundamental component of input voltage and 
fundairental component of input current. Table 3,2 shows 
the variation of fundamental and harmonic power factors with 
fundamental sHp for different values of inverter operating 
frequency* 

In Figure 3.5(a)j. fur^aamental power factor incjreases 
as speed of the motor increases due to increase in effective 
rotor resistance in the positive fundamental slip region. 

It reaches its maximum at a particular speed which is dependent 
on machine parameters and inverter operating frequency. Beyond 
this speed rotor circuit becexass ineffective and only effect 
of magnetii^hg branch comes into picture along with the stator 



parameters for which fundamental power factor approaches 
zero value. Again beyond synchronous speed it reachefe another 
peak for the similar reason as above. But beyond the peak 
in the generating region it approaches approximately zero 
value as the value of stator resist aice gets cancelled with 
the effective resistance introduced by the magnetising branch 
and rotor circuit irrespective of inverter operating fregi^n- 
cies. It is also found that^ gradual decreaf_in freguency 
results in Improved power factor in both the regions as 
indixjtive reactance gets reduced* 

Effect of stator resistance on fundamental power 
factor for varying operating frequencies are shown in 
Figures 3*5(b) to 3.5(e}, Stator resistance ideally zero 
[Figure 3,5Ce)3 makes the characteristics perfectly symmetrical 
about the two regions of the fundaitental slip. It is also 
observed that the product of stator resistance and the magnitude 
of fundamental slip at zero fimdamental power factor is 
more or less constant under all operating frequencies* But 
this property does not hold for very high value of stator 
resistaioes ^hich are shown in Figures 3, 5(d) and 3,5(e)* 

Also for high values of stator resistance, this power factor 
approaches unity under all frequencies, especially in the 
motoring region. 

Figure 3,5(f) shows the fundamental power factor ^ 
characteristics for low frequencies along with the normal < 

• ■ ■ -Aottm 



frequency* it is observed that at very low frequencies 
and at specially lew speed region, this power factor beccanes 
high as corppared with normal frequency* But as speed 

i 

approaches to synchronous speed, r^tor circuit tends to be 
open circuited, due to which fund cental power factor gets 
reduced. The above characteristics has been drawn again 
in Figure 3, 5(g) with a special case of r^^ to be Ideally 
zero, where absence of r^ leads to low power factor through* 
out all speed ranges due to predominant inductive effect in 
the equivalent circuit* 

Figure 3*5(h) shows fundamental power factor versus 
fundamental slip characteristics and depicts the effect of 
rotor time constants* It is observed that depending upon 
the increase or decrease in rotor resistance, the zero 
power factor point shifts towards high or low value of funda- 
mental slip in the generating region* Besides, insertion of 
rotor resistance results in the improvement of fundamental 
power factor in both the regions* 

(b) Harmonic Power Factor 

The effect of inverter operating frequency and 
machitB parameters on the harmonic power factor Is shown 
In rigutes 3,6Ca)-Ch). The folhjwlng points can be noted. 

(i) Positive sequence seventh harmonic power 
with the motor speed whereas negative 


factor increases 



sequence fifth and eleventh harmonic power factors decrease 
as fundamental slip of the motor decreases. The slip due 
to harmonic (s^) is given by 

n-l+S 

Sn “ — (for positive .sequence harmonics) 

and 

m-l-s 

^n “ " (for negative sequence harmonics), 

where S is the fundamental slip. 

Thus as motor speed increases decreases or 
increases [Table 3*32 depending upon the sequence of the 
harmonics# Therefore, effecti've rotor resistance of the 
motor increases and decreases respectively for positive 
and negative sequence harmonics. This results in increase 
or decrease in harmonic factor as motor speed changes, 

(ii) It 3 s clear from the Figures that the harmonic 
power factor decreases as the order of harmonic increases. 
This is easily explained as at higher frequencies the induct- 
ances dominate in the machine equivalent circuit, 

(iii) For the same reason as in (ii), the harmonic 
power factor decreases as inverter operating frequency 
is increased, 

(iv) If tte stator resistance is reduces to be 
ideally zero in the model, the harmonic power factor goes 


down, 
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any constant inverter sperating frequency, the peaJc current 
in the generating region will be greater than the starting 
current of the induction motor due to finite stator resis- 
tance. 

For Ideally r^ to be zero, versus slip characteris- 
tics in the generating region takas the mirror image of the 
versus slip characteristics in dne motoring region about the 
current axis at zero slip, which is shown in Figure 3, 7(b), 

In Figure 3, 7(c), effect of low frequency on I^^ versus 
slip characteristics is shewn, taking standstill current of 
the motor at any operating frequency to be 1,0 p.u. It is 
observed that as speed increases from zero, the low frequency 
current decreases and after a particular speed of the motor 
this current increases till synchronous speed. The point of 
transition is dependent mainly on the operating frequency. 
Even at 1 Hz frequency, current close to synchronous speed 
becomes higher than the standstill motor current. But tdiis 
observation is not valid where r^ is made ideally to be zero 
[Figure 3,7(d)], 

Figure 3, 7(e) shows the effect of varying rotor time 
constant of the motor on fundamental stator r,m,s. current 
versus slip characteristics. Starting current reduces with 
the insertion of rotor resistance. Here also Ij^ is found to 
be independent of rotor time constant at very close to 
synchronous speed of the motor. The speed where Ij^ attains 
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Its peak in the negative slip region^ shifts away from zero 
slip point with the increase in rotor resistance. 

3.5.2 Effect of Operating Frequency and Machine Parameters 
on Harmonic stator r.m.s. Current 

Variation of harmonic cu^ cents with the fundamental 
slip IS depicted in Figure 3,8 lor 60 Hz, 3 Hz and 1 Hz, 

It is found that all r,m,s, values of harmonic current 
^^n ~ ^nq * ^1^ become nearly constant at normal operating 
frequency of 60 Hz [Figure 3,8( a)] for any speed operation. 

The value of this constant current depends on the oirder of 
harmonic. Motor parameters do not affect much on these 
charac ten sties. 

But with the decrease of operating inverter fxrequency 
harmonic currents no more remain constant. Depending upon 
the harmonic contents at different speed [Figures 3, 4(e) and 
3*4(g)J and r.m.s. values of the fundamental current# 
harmonic currrents change more or less linearly with the 
fundamental slip of the motor which is shown in Figures 3,8Cb) 
and 3, 8(c) for 3 Hz and 1 Hz respectively, 

3.5.3 Effect of Inverter Operating Frequency and Motor 
Speed on Instantaneous Stator Current of the 
Induction Motor Under Consideration 

Figures 3,9 to 3,12 show the stator current wave.- 
forms including the predominant existing harmonics for varying 
speed and inverter frequency operation of the induction motor. 
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Pattern and peak of the wavesh^e change depending upon 
the following* 

(i) Fundamental power factor (refer to Figure 3,5), 

(ii) Harmonic power factor (refer to Figure 3,6), 

(iii) Fundamental r,m,s. current (refer to Figure 3,7), 

(iv) Harmonic r,m,s, current (refer to Figure 3,8), 

At normal frequency of oO Hz^ current waveforms 
[Figures 3, 9(a) , 3, 9(b) j are not distorted much from the 
sinusoidal, particularly in the low speed regions. But as 
speed approaches synchronous speed, due to predominant effect 
of current harmonics [Figure 3,4 ( a) J the waveforms shown in 
Figures 3, 9(c) to 3, 9(f) change their envelope abruptly as 
compared with low speed current waveforms. 

LC3IW frequency instantaneous stator current waveforms 
are drawn in Figures 3,11 to 3,12 for studyir^ the effect of 
current harmonics. It is observed that with the proportionate 
change in speed ( as was made for normal frequency ) , the la» 
frequeiKjy waveforms do not change their shape much especially 
close to synchronous speed due to very little change in 
their harmonic contents. 
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Non sinusoidal excitation of induction motor (ptr 
phase) 

Equivalent circuit for induction motor with non- 
sinusoidal excitation 




<— GENERATING REGION SLIP MOTORING REGION > 



< GENERATING REGION SLIP MOTORING REGION > 


FIG 3 3 RATIO OF HARMONIC ROTOR CURRENT TO HARMONIC STATOR 
CURRENT VERSUS FUNDAMENTAL SLIP CHARACTERISTICS 
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< GCNERATXHC RGGION 8LXP HOTQRXHG RICXON > 


rXG 3 4<P> MTXO or H|!llW0NXC CURREHT tO FUNDMWM. 
CURREHT UCRiU0 8LXP 



rxc 3 4 <i> iwno OF harmonic current to ruNwreiTm. 

CURRENT UER8U8 SLIP 







< GB'ERATINC; REGION SLIP MOTORING REGION > 


FIG 3 4(0 RATIO OF HARMONIC CURRENT TO FUNDfVCNTAL 

CURRENT UERSU8 SLIP 



FIG 3 4<D> RATIO OF MftRMONIC CURRENT TO FUNDAMENTAL 

CURRENT l«RSUS SLIP 
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< CEHER»«TINC REGION SLIP MOTORING REGION > 


FIG 3 4^E> RATIO OF Hf^MONIC CURRENT 310 FUNDAHENTM. 
CURRENT UERSU8 81.1P 



< — cenerht^nc region slip motoring region > 

FIG 3 4<F> RATIO OF HARMONIC CURRENT TO FUNOAMBHfTfil. 
CURRENT UERSU8 8t.IF 
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< GEHERhTIHG REGItJH SLIP MOTORIHC ^ON > 


PIC 3 4<G> RftTIO OF H^W10HIC CURREHT TO FUNMtefm. 
CURRENT VERSUS SLIP 



FIG 3 4<H> RATIO OF HARMONIC CURRENT TO FUMOANENTAL 
CURRENT UER8U8 SLIP 






FIG 3 WRI^TION OF FUNDAMENTAL PQMER FACTOR WITH SLIP 
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FIG 3.5<8> VARIATION OF FUNDAMENTAL POHER FACTOR 
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FIG 3 5<D> MARWTION OF FUNDftMENTAL POWER FACTOR 

WITH SLIP 



FIG 3 5(E> UARIATION OF FUNDAMENTAL POWER FACTOR 

WITH SLIP 







FIG 3.5<F> UflRIATION OF FUNDAMENTAL F»0I«R FACTOR HIW SLIP 
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< GENERATUC REGION SLIP MOTORING REGION > 


FIG 3 5CH> URRIATION OF FUNDflMENTAt PtSWER FACTOR MITM SLIP 
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FIS 3.eCA5 VARIATION OF HARMONIC POWER FACTOR 
WITH FUNDAMENTAL SLIP 



FI6 3 6C8> VARIATION OF HARMONIC POWER FACTOR 
WITH FUNDAMENTAL SLIP. 






< GENERATING REGION SLIP MOTORING REGION > 

FIG 3. SCO VARIATION OF HARMONIC POWER FACTOR 
WITH FUNDAMENTAL SLIP. 



FIG 3.eCD> VARIATION OF HARMONIC POWER FACTOR 
WITH FUNDAMENTAL SLIP. 
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FIG 3.e<E> VARIATION OF HARMONIC POWER FACTOR 
WITH FUNDAMENTAL SLIP. 



FIG 3.eCF> VARIATION OF HARMONIC POWER FACTOR 
WITH FUNDAMENTAL SLIP 
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FIG 3 9C0> IHSTAHTANEOUS STATOR CURRENT AT SPEED U40 R.P.H 

OF FREQUENCY 60 HZ 
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FIG 3.i0(B> ZNSTAKTANE0U8 STAfTOR CURREHT AT SPEED 480 R.P.H. 
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(Notes All values are xn p*u,) 
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Chapter - 4 


COMPUmTION OP THE BXBCTROMAGNBTIC TORQUE 
IN SIX STEP V.S.I, FED INDUCTION MOTOR 

4*1 INTRODUCTION 

The thyristor inverter speed control system of a three 
phase induction motor is used widely in industry* However^ 
the thyristor inverter generates a distorted wave voltage and 
produces a ripple torque. Generally fundanjental of the voltage 
produces the average output torque and the harmonics prodiKse 
increased losses and torque fluctuations. For this reason it 
is very inqportant to analyze the instantaneous torqie. Earlier 
methods for analysing instantaneous torque do not always 
clarify analytically the relationship between machine constants 
and ripple torque. Methods have also been proposed to solve 
voltage equations analytically or by Fourier series expansion. 
However# they require complicated calculations and the obtadned 
results are complicated. 

The model normally used for studying the steady state 
behaviour of the machine is the single {hase equivalent circuit 
[Figure 3*2] . Klingshim and Jordon [14] have detailed the 
method of calculating the currents# losses and other perfoxstanoe 
characteristics under steady state# using the single fhaae 
equivalent circuit and balanced nonsinusoidal TOUrce. Torque 
fluctuations have not been rfatained by tiiem using the equivalent 
circuit* A method of using the aforesaid e<jii valent circuit 
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model of the machine for evaluating the torque fluctnations 
with nonslnusoidal applied voltage has been detailed in this 
chapter. In this study, the equations describing system 
operation have been linearised by assianlng a constant rotor 
speed as well as a constant inverter (d,c.) voltage. The 
constant speed constraint is required in these calculations 
so that supe3qx)sition couia be employed* 

In section 4, 2, expression of electromagnetic torqi^ 
has been derived with the help of machine equations. 

Nature of electromagnetic torque due to ideal six stei 5 >ed 
inverter output voltage has been discussed in section 4,3* 
Expression for the instantaneous electromagnetic -torque has 
been derived in section 4,3,1 /xjnsidering all existing harmonics 
of -the six stepped voltage waveform. It has been shown that 
the above torque consists of steady and pulsating harmonic 
torque. Steady harmonic or average torque characteristics has bee 
discussed in section 4,3.2 for different operating frequencies 
and machine parameters. Pulsating harmonic torques have been 
discussed in section 4.3.3 in the same fashion Since contribution 
due to high order pulsating harmonic torques are very less as 
compared to lowest sixth harmonic torque* only pulsating sixth 
harmonic torque is considered. Instantaneous pulsating harmonic 
torques are also plotted on conputer for different fiequency 
and speed of the machine. 

Lastly, in seotxon 4.4 ^effect o£ hamonio torques In 
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O s= 




■‘' 2 ^2q ^P®s^*^2d ''■ ^ 2d 


(4.5) 


Again adding equation (4.3) and equation (4.5) 


Pi = t| '1 ‘^iq + ild>]+ [| <=2 ‘ i2q + n 

+ C§ ^^Iq'P^lq + ^lil*Ph.a* ■*• I '^^•P^2q ■*■ 3 


+ C 2 ‘e^'^lq*^ld +^ld-^lq^ *^^2 ' ^2q ^P®s^*^2d 

+ (POs^.iiq n 


(4.6) 


i.e. Pi » [Pg ]+ [P^ ]+ [Pil + [Pm^ 


(4,7) 


where# 



and 



stator cjopper loss 
rotor copper loss 

instantaneous power across stator and rotor self 

and stator rotor mutual inductance ,, 

internal mechanical power which is aa follows! 


■m 


= “ Wg ^\q*^ld ■‘■^Id'^lq^ ■*‘^2 Ta 


2q 


s'‘2d 


+ ^23 ‘P*s> 


(4.8) 


For a motor revolving at constant speed# in the steady 
state the above equation can be written with the help of 
equations (2,9a)# (2.9b), (2.10a) ani (2.10b) as follows# 
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Pm = I «•% ‘^-9’ 

where rotor is revolving at a slip ‘s* 

and the Q axis is advancing continuously with respect to a 
point on the rotor at the rate of d© g/^^t = p©g » 

Therefore# Pg (power across the air gap) 

“ I “‘“s' 

and electromagnetic torque can be obtained as 

te " I «• 

4,3 NATURE OP TORQUE IN VOLTAGE SOURCE INSERTER FED INDUCTION 
MOTOR 

In this section the nature of harmonic components in 
the torque produced by the induction motor has been established* 
Nonsinusoid al input voltage fed to the motor can be amlysed 
into fundamental component and a series of harmonics* Neglecting 
magnetic saturation# the motor may be regarded as linear device 
and the principle of superposition can be applied* The resultant 
effect to the above-mentioned supply is then obtained as a 
summation of the responses to the individual input ccxaponents* 

The fundamental component above produces the useful motoring 
torque and the non trip len odd positive and negative sequence 
harmonics of the six step V*S*I*#yield pulsating harmonic 
torques having harmonic fxequencies which are multiple of six 
times the inverter operating frequency* Therefore# it is very 
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i.mpoiC't.B.n'k to analyso the inst&ntaneous torcjus* Though in 
genecnX npplxcations where varieblje voXtage as weXX as 
varying fregiency are obtainable by inverters, the designers 
normaXXy try to estabXish such an inverter output voXtage whi^ 
is itKjre or Xess cXose to sinusoidal by means of scxne moduXntion 
strategy. 


4*3 .1 Instantaneous Electromagnetic Torque in Voltage 
Source Inverter Fed Induction Motor 

Considering the fundamental expression of instantaneous 
electromagnetic torq]ue [Equation 4.11], the expression for 
electromagnetic torque in six step voltage source inverter fed 
induction motor is as follows: 
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where 

*mn 

ss 

^^lmq*^2nd 

1 

^lnd*^2mq^ 


*nm 

s 

1 

^^lnq*^2rad 

” ^Imd' ^2nq^ 

and 

^rm 

ss 

1 

^^lnq*^2nd 

t 

“ ^lnd*^2nq^ 




oo 

(X) 

or t 
e 


2 

+[ 2 
h=6,12. 




00 



+ 

^c 

2 

lUssl ^ 5 

(A + A__) 1 ] 

mn run J 



n=(h+m) 


or t^ 

«s 

i 

t^sh t^pj 


where 

'^sh 

s 

steady harmonic torque 

and 

V 

m 

m 

pulsating 1 

harmonic torque 


(b^l) 

{ 2 A. 


n;=(l>-m) 


mn 


(4.14) 


Therefore, (due to fundaitental coxr^nent of stator 

and rotor currents) + t^^ (di:e to fifth harmonic component of 
stator and rotor currents) %7 (due to seventh harmonic 
componoit of stator and rotor currents) +.»».**oo (4.15) 

V” V + V2 + Vs S24 + “ 

Where tip^ = ^p6( 1 5) ^ fundamental and fifth harmonic 

component of stator and rotor currents } + ^‘Sue to 

fundamental and seventh harmonic component of stator and rotor 
currents 3 + »cd 

* *^12(1 11) fundamental and eleventh harmonic 

component of stator and rotor currents J+ *^ 12 ( 5 , 7 ) ^ fifth 
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and seventh harmonic conponent of stator and motor currents 1 
+ u? • ■.Jjjl • ■ • • oo 
and so on* 

Therefore* as shown earlier* instantaneous electro- 
magnetic torque can be expressed in the form of an infinite 
series containing function of machine parameters* inverter 
input voltage and operating frequency. This makes it possible 
to grasp the overall characteristics of instantaneous torque. 

If the exact solution for motor current is known* th^ accurate 
solution for the above-mentioned torque can be obtained. 


4,3,2 Steady Harmonic Torque 


Constant or steady harmonic torques are developed by 
the reaction of harmonic air gap fluxes with harmonic rotor 
currents of same order. However* these torques due to harnonica 
are very small fraction of the rated torque even at any speed 
and have negligible effect on motor operation. This is verified 
by calculating torque contrilxition of the motor from the 
expression of steady harmonic torque. Now* from equation (4,14), 


*sh “ “a " ^3iK3*^2nq> 

Substitutir^ the expression for instantaneous stator and rotor 
nth harmonic currents from the equations C3.4a)* (3.4b)* (3.7a) 
and (3,7b) in the above equation 


(4.ia) 
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Bcjud'txon (4*18) shows that steady hecnionxc torgus is 

i s 

independ nt of tine and^constant for any particular spss<3 
of the motor* 

Figure 4,1 shows typical steady harmonic torque 
versus fundamental slip characteristics for positive and 
negative sequence harmonics* It can be noted from the above 
characteristics that contribution to average torque die to 
fifth order harmonic current is 0,115% of the contribution 
due to fundamental currents at rated speed of 1176 r,PAin* 

Thus the effect of fifth harmonic current on average torque 
IS negligible and for higher order harmonics this torque is 
observed to be even less* Another notable feature is that 
counter torques due to negative sequence harmonics (fifth# 
eleventh etc,) are opposed by the forward torque due to positive 
sequence harmonics (seventh# tnirteenth# etc*)* The combined 
effect of those steady harmonic torques due to harmonics, 
produce a very small negative torque opposing the average 
torque due to fundamental, 

AS slip due bo positive and negative sequence harmonics 
decreases and ircreases respectively with the decrease in 
motor fundanerital sUp (Table 3*3), therefore positive sequence 
and negative secpence steady harmonic torque also decreases 
and increases respectively with the increase in motor ^eed. 

Therefore ,due to neg ligible effect of supply harmonics 
as stated in average torque, the effective average torque versus 
slip characterlstios shown in Foflure 4.2 is swroximateXy equal, to. 
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the normal speed versus torque characteristics of the Induction 
motor* Characteristics show that in the ranqe of motor action 
between standstill and critical speedy the torque increases 
more than proportionally to the speed* It inplies that 
within this range there is condition of instability in the 
sense that if the torque developed is greater than the resisting 
torque^ the speed will continue to rise until the point of 
maximum torque has been reached* Beyond the point of maximmn 
torque and up to synchronism the conditionshecome stable^ 
for here any increase of load torque causes the motor to 
slow down and therefore automatically to develops greater 
torque to meet the load requirement. 

In negative slip region# motor operates as a regenerating 
braking condition. It should be noted that the abs<iluter' 
value of critical slip# where maximum torque occurs# is identical 
for both the region. However# during regeneration due to high 
value of stator resistance maximum torque will have its 
highest absolute value. As stator resistance decreases# 
'^gen{m«) ' Wroaches to IT^ymax) ' charaoterxstics 

proximates to purely antisymmetric about the torque axis# which 
IS clearly shown in the Figure 4,2# taking one intermediate value 
of stator resistance between normal and ideally sero* 

It can be observed from Figure 4,3 that maximuro torcpie 
does not depend upon rotor resistance (r 2 )- The slip at 
maximum torque increases directly with the rise in rotor 
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resistance i.e « fall in rotor tirre constant and maximum 
torque point shifts to the position of greater slip with 
the insertion of rotor resistance. A faraly of rheostatic 
speed torque characteristics with several values of rotor 
resistances are shown in Figure 4.3(a) for normal inverter 
output voltage and frequency. Figure 4, 3(h) shows the same 
characteristics for stator resistance ideally to be zero. 

In varying the inverter frequency, it is necessary 
to make the characteristics retain high hardness throughout 
the entire range of s(peed control and allow the motor to 
show adequate overload torque capacity. This may be acdiieved 
by causing each motor to operate with its magnetic flux 
maintained constant* A set of average torque versus slip 
characteristics controlled by varying the fundamental of inverter 
output voltage with proportional change in operating frequency 
can be seen from Figure 4*4. Figure 4, 4(a) shows the above 
set of da aracteri sties for normal machine parameters. But it 
is found in Figure 4.4(b) that maximum torque within the 
frequency range (30 Hz to 60 Hz) remains unchanged as r^^ is 
made ideally to be zero provided air gap flux maintained 
constant in the machine. 

At low frequencies /Sue to relative rise in the influence 
of the voltage drop in stator, the magnetic field undergoes 

4 

a significant decrease in strength. As a conseqi^nce, maximim 
torque drops to a lower value as shown in Figure 4*4(0), 

Figure 4, 4(d) shows the above low frequency average targue slip 
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characteristics for Ideally zero stator resistance. 

So it is advisable to maintain constant flux operation 
at the lower most value of inverter frequeicy. The leakage 
reactance drops to a value ccxnmensurable with and even less 
than that of stator resistance. Besides maintaining the motor 
overload torque capacity sufficiently high at low frequencies^ 
it is desired to decrease the voltage by a lesser degree than 
the frequency. 


4.3.3 Pulsating Harmonic Torque 

Pulsating harmonic torque with a mean value of zero 
are produced by the reaction of harmonic rotating fluxes 
with harmonic rotor currents of different order. From 

equation (4,14) 


oo (h*l) 

tph = «C 2 C ^ , 

h«6#12,18 m=l/5,7 

ns=h-m 


^^lmq*^2nd * ^Ind'^W 


ntssl^B jfl 
nssh+m 


(4.19) 


The prinolpal pulsatori torque anse from the inter- 
actLon between the fundamental rotatrng fluw and harmonlo 
rotor current and vice versa. The rotor currents Induced by 
the tinm harmonics field .react wrth fundamental rotating flux. 
This produces a pulsating torque at six tines fundamental 
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frequency* This is the torque which is responsible for severe 
fluctuation in the electromagnetic torque developed the 
motor specially at low speed region. 

Figure 4,5 represents the instantaneous pulsating 
harmonic torque of the induction motor fed by six step 
voltage source inverter for varying ^>eed under normal operat- 
ing frequency of 60 hs. It is observed that the waveforms 

II® 

repeat after every • interval which is analogous to 

3 

the results obtained in [12], Again it is also noticable 
that though at synchronous speed fundannental torque is zero# 
but di:B to the predominancy of the harmonic oon^nents only 
pulsating harmonic torque exists. 

In Figures 4,6 to 4,8 effect of low frequencies on 
instantaneous pulsating harmonic torque is shown keeping the 
ratio of magnituie of fund ate ntal component of inverter output 
voltage to inverter operating frequency constant. Here it is 
seen that as speed increases to synchronous speed the pulsation 
of tte above-mentioned torque becomes more and more. The 
ripple in the instantaneous pulsating harmonic torque at low 
frequencies is similar to that of the ripple torque of the 
induction motor driven by current source inverter [20], 

Figure 4.9 shows the approximate average sixth harmonic 

torque as a combined effect of the principal sixth harmonic 

^ r 4 . «nd t V 1 for different values of fundamental 

torque 


Slip* 



103 


It has been found that as stator resistance decreases# 
peak value of the torque in the motoring and generating region 
respectively increases and decreases# which is well understood 
in the above said figure. 

Figure 4, 10(a) has been drawn to conpare the above sixth 
harmonic torque with the second predominant twelfth harmonic 
torque. The effect of stator resistance on both the character^ 
istics has also been shown in Figure 4.10(b) • 

In Figure 4, 11 (a), two predominant components of 
sixth harmonic torque have been shown s^arately to knw the 
effect of individual current harmonic components. The same 
characteristics were shown in Figure 4, 11(b) taking the stator 
resistance of the motor to be ideally zero. It has been found 
that absolute value of critical slip where maximum sixth harmonic 
torques occurs is identical for both the positive and negative 
fundamental sUp regions in case of r^^ = 0, 

Again to observe the effect of individual phase angles 
of principal sixth harmonic torques on the resultant sixth 
harmonic torque# the magnitudes as well as phase angles 
variation of the principal sixth harmonic torques aid their 
resultant are plotted for different valte of fundamental slip 
ranging from (-1) to (+1). It is noticed that, at close to 
synchronous speed, the individual phase angle of sixth harmonic 
torques are zero and correspoixling to positive and r^gative 
sequence harmonic compotents of motot current, \^^feas reSUltanb 
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the above polac plot of sixth harmonic torque to be approxi** 
mately symmetric about the abscissa shown in Figure 4.12(b) . 

Figure 4.13 shows the effect of variation of rotor 
resistance on sixth harmonic torque versus fundamental slip 
characteristics. With increasing rotor resistance/ tdie maximum 
motoring torque point not only shirts to the higher side of 
the f undajtental slip but also decreases almost linearlyi^, 

However/ in the negative fundamental slip region/ maximcmi 
torque point shifts to the higher sade of the fundamental slip 
with a gradually increasing value. 

Figure 4* 14(a) depicts the pulsating sixth harmonic 
torque variation with motor fundamental slip for different 
inverter operating frequency with (>/'2 ratio as 

constant. It is observed that for maintaining air gap flux 
constant throughout all the frequencies the maximum motoring 
torque decreases as inverter operating frequency decreases 
due to the same reason as stated in section 4»3.1 for average 
torque. Effect of ideally zsro stator resistance has been 
shown in Figure 4.14(b), Here/ maxiratmi motoring torque (^creases 
with a lesser degree as compared with the Figure 4.14(a}. 

sixth harmonics torque versus fundamaatal sUp 
characteristics for low frequencies are plotted in Figure 
4. 14( a) . The f ol lowings are observed- 

At low speed regions the above torques are not 
affected by inverter operating frequency. 
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Hcwvaver, at close to syndironous speed region/ 
siD<th harmonic torque decreases with tte fall in supply 
frequency. 

The above family of characteristics 'ere- again 
drawn in Figure 4, 14(b) for ideally zero stator resistance, 
HerS/ one special observation is that for frequencies above 
4 Hz / sixth harmonic torque at close to synchronous speed 
becomes lower than the torques at lower speed ranges, 

4,4 EFFECT OP HARMONIC TORQUES IN INDUCTION MOTOR 

However in general there is no alteration in the 
steady state torque of the motor since the pulsating torques 
have zero average value but their presence causes the angular 
velocity of the rotor to vary during revolution. At very low 
speeds, the motor rotation takes place in a series of jerks or 
steps and the presence of the pulsating torques may set a lower 
limit to the useful speed range of the notor. The point at 
which the speed pulsation becomes objectionable in a variable 
speed drive depends on the inertia of the rotating system 
and nature of the application. 

The induction motor operated with nonsinusoidal 
supply has the usual motor losses and sane additional losses 
due to the harmonics. The losses are as follcwss 

(1) Stator winding loss: Besides the usual stator 
I^R loss, with an addiUon term to account for the loss due to 
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harmonic currents. 

Ill) Rotor winding loss: Though it is negligible 
in V.S.I, fed induction motor /but to overccKne the small 
negative torque produced by the harmonic currents it 
increases with slip spaed. 

(ill) Core loss: It increases slightly due to the 
effect of higher peak flux density caused by magnetizing 
current , 

(iv) Friction and windage Loss* Not influenced in 

any way, 

(v) Rotor Harmonic Loss: It increases with harmonic 
currents if variation of rotor resistance die to frequency 

is considered. 

(vi) Stray Load Loss: Increases with harmonics content 


in motor currents, 


[ 14 ] 
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Chapter - 5 


REDUCTION OP CURRENT AND TORQUE HARMONICS 
BY MODULATION OF INVERTER OUTPUT VOLTAGE 

5.1 UTORODUCTION 

Variable speed drives utilizing an a.c, motor fed 
with vari stole frequency 3 phase a,c, derived 
inverter are encountered with Increasing 
inverter ueed for this purpose should, in 
the voltage at different Inverter operating freqi:encies 
so as to maintain the flux density within the machine at 
the normal operating value. For modest speed ranges, a six 
step inverter with vari^le d.c, power supply can meet the 
requirement of low or very low speed operation. But the 
following problems become significant, 

(i) Due to noiv-sinusoidal voltage waveforms, harmonic 
currents can lead to increase in motor heating and increased 
peate current , The harmonic currents are limited princi- 
pally by the motor leakage inductances and are independent 

a£ the load, 

(ii) The harmonics of the six step waveform interact 
with tha fundanental to produce low frequency torque pulsations 
which may cause irreg^il^JC rotation at very low ^ed, 

(iii) The supply voltage becomes so Irw as to ispair 
the commutation capability o£ the inverter. 



t 
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To get rid of the first two problems mentioned, it 
is necessary to make the wave as nearly sinusoidal as 
possible* A filter between the inverter and the loai can 
acconplish this task* But for large power , the filters 
become both bulky and costly. Besides, for variable 
frequency# the effectiveness ef T:he IC filter is Umited. 
Again, the simple step wave output fr^ an inverter could be 
fed to a multiwinding transformer# so that variable voltage 
stepped waveform could be synthesized [19]. The greater 
the number of steps per cycle, the closer is the wave to a 
sinusoid# but still the equipment is large and costly* 

Now the three problems mentioned above can be 
over come by the use of pulse width modulation* The pulse 
width modulated inverter has the distinctive feature that 
it obtains its input power fr<»ti a d,c* source of constant 
magnitude which helps successful thyristor cOTsmutation. 

Pulse width modulation may be thought of as the control of 
the average level of a quantity (voltage# current# flux 
etc*) by applying or driving that quantity in dis<n:eta 
intervals or pulses (as shown in the typical inverter output 
waveform of Figures 5,3) depending upon the modulation 
techniques* These results in a fixidamental output voltage ^ 
of adjustable magnitude and frequency. The set of rules 
determining the sequence and timng of the thyristsor gating 
is termed as the modulation policy* Affording both 
and voltage control in one set of controlled serai oonductsqr 
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device, it eUndnates the need of , multiple controlled power 
sections. This type of inverter is characterized in relation 
to other a.c. drives where it utilizes a reduced number of 
power serai conductpcs at the esqpense of more control circuxtry 
and raore finesse iregarding the operation of the control 
circuit. The output voltage haucmonics are raised to t he 
vicinity of the inverter carrier freqpaency and the resulting 
high frequency torques are rendered harmless by the low 
pass mechanical characteristics. So,in brief^the practical 
benefits of the P.W.M, inverters are as follows* 

(i) SiiT^lified power circuitry 

(ii) Common bus operation 

<iii) Superior dynamic response oT«er other inverters 

(iv) Low and medium frequency operation 

(v) Improved motor performance. 

Therefore, the P.W.M, inverters may now be advantage- 
ously applied to provide precise motor performance. 

The choice of a particular method or mode of, pulse 
width modulation depends on the requirements of the appU- 
cation. It involves the balancing of the losses in the 
inverter incurred in using high switehii^ frequency against 
the improved performance and the reduced losses in the 
motor. 

Inverter producing si»-stepped voltage waveform, 
tha pradoainaot pulatiting torque Is at the slstb hanaonlc 
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In section 5, 3, pulse width modulation techniques 
have been discussed, however details of the control circuit 
have not been considered. Here only d.c. reference signal 
IS considered to obtain equal pulse width waveforms. 

Section 5,4 depicts the generated expression for 
Fourier components of any pulse width modulated waveform, 
in which the said waveform is taken as havir^ only half 
wave symmetry. 

In section 5,5 characteristics of equal pulsed 
waveform were considered. Detailed discussions have been 
made in section 5,5,1 on hamvoiiLc contents in the equal 
pulse width voltage waveforms. Nature of motor currents in 
the said modulated inverter fed induction motor has been 
discussed in section 5,5,2, In this regarxi only the effect 
of modulation index and number of pulses per half 
cycle on the fundamental and harmonic stator currents have 
been considered. Nature of electromagnetic torques have been 
discussed in section 5,5.3 for the induction motor under 
consideration. In this regard steady harmonics and pulsating 
harmonic torques were mainly considered. Here also effect 
of modulation index as well as number of pulses per half cycle 
on the above-mentioned torque is mentioned. Lastly in 
section 5,5,4# torque pulsations resulting frtxn current 
harmonics sore briefly discussed. 



132 


5,2 


OPERATION OP A 3 PHASE PULSE 
WITH 180® CONDUCTION 


WIDTH MODUIAIED INVERTER 


Although many modes of pulse width modulation may 
be devised and demonstrated, the basiC operation of the 
inverter is simple, because of its simple switchir® action. 

Figure 5,1( a) shows a siirplified bridge inverter 
circuit and Figure 5, 1(b) shows its analog catiposed of 
switches. In Figure 5, 1(a), S^, Sj, S 3 ,...s^ are the main 
thyristors and are the auxiliary 

units which serve to turn off the main thyristors, D,,D^,,J3- 

X Z O' 

i 

are the free wheeling diodes and S' S' S 

are the corrmutabing components. For example, if is 
conducting, it may be turned off by firing thyristor 
which connects the charged capacitor thereby diverting 
the current from thyristor The difference of cspacitor 
current and load current flows through the diode Dj^, so 
that becomes reverse biased and turned off. Due to 
presence of load inductance, which keeps the current sensibly 
constant during coranutation, load current continue to flow 
after the commutation of s^, similarly thyristors S 2 to 
Sg are turned off by the action of the auxiliary thristors 
®2a****®6a respectively, in case of pulse width modulated 
voltage waveform, the conducting thyristors are retriggered 
and turned off several times depending upon the modulation 
technique during a particular mode period (one sixth of 
the inverter period). In P.w.M, inverter with I 80 ® conduction 
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cotltiirol technique the Une to line voltages are completely 

defined independent of the load like unmodulated six step 

waveforms (Figure 2.4). Each Une to line voltage can 

have one of three states, i.e. + v , -V^ or zero. In 

etc ac 

case of nonzero load voltage, t!rr,e thy ristois conduct at a 
time# one from the top and two from the bottcaa or vice versa. 
But in case of zero load voltago in all fiiases (shewn in 
section 2,4.1), three thyristots either all from the top or 
all from the bottom will have to conSuct to provide a short 
circuit path of the load* This is achieved by turning off 
the only conducting thyristor from the top or bottom which 
was conducting earlier and triggering corresponding comple- 
mentary thyristor* 

As load terminals are always connected with the 
positive or negative bus, the theoretical line to d,c. neutral 

'^bo' ^co^ voltages wall always be + "^dc/2* 

Example of modulated voltage waveforms are shown in 
Figure 5,3 along with the schedule of thyristor conduction* 

As load voltages are defined at all periodic 
intervals, so Fourier analysis can be applied to these wave- 
forms as they satisfy dirichlet conditions, irrespective of 


its complexity. 
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5,3 PUIBE WIDTH MODUIATXON TECHNIQUES 

Block diagram of the basic pulse width modulated 
inverter scheme is illustrated in Figure 5,2, Assumir^ 
that debired inve^^ter frequency is to be set by means of 
a potentiometer* the voltage control oscillator producer a 
clock of constant amplitude* 50% duty cycle pulses, 'Rie 
frequency of the clock is six times the da sired inverter 
output frequency. The outpmt of the six state ring counter 
which acts in response to this square wave input and carrier 
conparator output distributes the switching commands to 
each of the main thyristors of the Figure 5, 1(a) through 
prcper gating logic* From the Figure 5.2 it is also seen 
that the setting of the frequency adjusting potentiometer 
also affects the generation of the other regulating signals 
called the "carrier" and the "voltage reference", 

in Figure 5,3, voltage reference present at the output 
of V/Hz generator is taken as d,c, voltage. This volta^ 
reference give rise to "equal pulse width" modulation. 

The amplitude of (A^,) of the reference signal is a measure 
of the required inverter fundamental output volta^. Controls 
are provided to allow generation of a linear inverter V/liz 
characteristics. The output of the carrier generator is an 
isosceles traingle of fia«ed artplitude (A^) whose frequency 
is an integral multiple 6, 9, 12,,, etc,) of desired 

inverter outpufc frequency 
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The triangular output from the earner generator 
has been compared with the d.c, reference signal by neans 
of the carrier comparator in Figure 5,3(b), The duty 
cycle of the comparator output is a measure of the recpiured 
fundamental inverter output voltage* These signals have 
been used to modulate the output of the six state nng 
counter* Modulated ring counter outputs resulting from 
the modulation is shown in Figure 5*3(c). 

Figure 5*3Cd) shows the schedule of the gate pulses 
to the main thyristors of the three phase inverter power 
bridge [Figure 5.1(a) The resulting modulated theori=‘tical 
line to d«c. neutral modulated lite to line and modulated 
line to load neutral voltages are shown in Figure 5,3 for 
equal pulse width modulation. 

5.4 GENERAL EXPRESSION FOR FOURIER COMPONENTS OF A 
PULSE WIDTH MODUIAIED WAVEFORM# v(Wgt) 

A general analysis of the line to neutral voltage 

waveform (Figure 5,5) can be made as follows* 

Any periodic waveform having zero average value# can 

be expressed by a Fourier aeries as 

00 

v(W t) w S Cj^,Sin 
2/3 

1 

where# « aj^ + b^ ; *'n “ 

-P 
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^ 2Ti 


and waveform having half wave symmetry i,e, v( m t) x* — v( m t+it) 

s s 

11 contain only odd haxnonics and dapending upon odd or 
even iunction^ the series contain only sine or only cosine 
terms respectively* But if the fmction is not even nor 
odd^ then both sine and cosine terms will be present*. 

Per p number of pulses per half cycle having 
different level of voltages as shown in Figure 5,5, we have 
the following equations (as per half wave symmetry) 


®'n “ It Cos(n<^t).d( ^t) + V 2 / CosCno^t) ,d(mgt)+, 




K 


a. 


+*...Vp / CosCnOgt) ,d( Wgt) ] 


or a, 


n 


— r 2 V,, (Sin na Sin n&J ] 

mi ‘■|c=:l,2,3 « 

P 


and similarly b, 


s -a- r 2 

^ k;al,2,3 


(5.1) 

V,^ (Cos h0£|^ - Cos n^j^) ] 


(5.2) 


where are the different level a£ voltages. 

(i) * angular output frequency of the inverter, 

s 

Bquations (5.1) and (5.2) esn also be written as 


a„ w 
n 


4- r i 1 ‘“k + P„).Sln I -Ofc) ] 

*’ lc«l,2,3 


(5.3) 
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and b. 


n 


Ttn 


S 

lc«l,2,3 


V^.Sin I 


+ Pu). 


Sin f (p^ 


-«.)] 


(5.4) 

Therefore, harnonic anpUtude and harmonic phase angle can 
be detemaned by the following equationt 

4Nr2 2 

n\Cos I (tffe + Pte)*Sin§ (P^-a^)l 


f n « 2 1/2 

Sin *2 (a|^ + P|^),sin 2 3 


(5.5) 


and w 


tan*^ C 


SV^Cos§(a^ 5 

2 V|j sin I (“it +P ij) -sin f(P ij - “ fc) 


and v((»)gt) wSIc^Sin + 


(5.6) 

(5.7) 


where n as l|i2,3,....,p. 

So, by equating equation (5*3) or equation (5,4) 
zero, we can eliminate one or more than one predcaunant 
harmonic [18], Generally speaking, a^. is normally a variable 
controlling the level of the voltage, while P|^ can be used 
to cancel harmonics. This technique can be used to extend 
the utility of harmonic cancelled systems without irwreasir^ 
the number of inverters. Certainly as more pulses are 
used, mere harmonics can be eliminated* However, it also 
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* 


becomes more and more difficult to generate the required 
inverter sequencing and switching losses also increase* 


5,5 EQUAL PULSE ItCDTH MODUIATION 

In this modulation, the traingular output from 
the cai?rier generator is compared with a constant d.c, 
voltage reference signal by means of the carrier oomparator. 

The modulating output from the six state ring counter gives 
the proper pulse sequence to the three phase bridge inverter 
through gating logic. The voltage waveforms having equal 
pulse width are shwn in Figures 5,3 and 5,4* 

In this modulation^CPj^ - aj) « CP2 “ ^ 2 ^ “*•*•*= (Pp 

i*e, the widths of all the pulses are equal* 

The general expression of the traingular carrier wave is 

(to-l)» (2te-lF 

a^(o)gt) «A^[l-^(Wgt- - (k-l)33for-^4<|t ^ 


- for negative slope 


(5.8) 


and 




fctc 

P* 


*c[ f 2 J-1 ]for ^ 

-V for positive slope (5,9) 


where A « the amplitude of the carrier wave 

p t number of pulses/half cycle (i.e, ^ 

k I general pulse nrniber* 





Again equ?^tion for reference signal is a ( o t) =A (5.10) 

r s r 

where Aj, i amplitude of the reference d.c, signal. 

Defining modulation index (m^) to be ratio of 
amplitude of reference d*c, signal to the amplitude of 
traingular carrier wave, with tiie help of equations ( 5 *€),( 5,9) 
and (5. 10) for the kth pulse, 

\ (firing angle) « (i-m^) ^ + | ( te-l) (5.11) 

and Pj,. (extinction angle) ^ (5,12) 

Now, the relation between firing and extinction angles are 
as follows} 

(«1+Pp)» (®2 + Pp-l^“ (“p+Pl) = ^ (5.13) 

From the equations (5.11) and (5.12), it is evident 
that for any number of pulses per half cycle, a k P|c 
change linearly with the modulating ir^dex. Figure 5.6 shews 
the general firing and extinction angle characteristics for 
equal pulse width modulation. As number of pulses per half 
cycle increases, magnitude of the slope of the firing and 
extinction angle characteristics respectively decreases and 
increases proportionately* 
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5,5.1 Voltage Harmoracs in Equal Pulse Width Modulated 
Three Phase Voltage Source Inverter 

(a) Triplen Number of Pulses/ Per Half Cycle 

In case of triplen number of pulses per half cycle 

in the line to neutral voltage. 


v(W t) =» v(o t -r'Ji) and v(o t) - v(2^w_t) 

So S o 

i.e. half wave symmetry and an odd functLon, Therefore, a^^ 
of the equation (5*3) becomes zerco and equation 

(5,6) becomes zero. So, Mtn the help of eauation (5,4) 
and the line to neutral voltage waveform of the Figure (5*3) 


4V- 

dc 

'Min" 


qi 

[{ 2 

kal,2, 


Sin § (a^ + Pj^) .Sin § ^ ^ 


-a^) ! 


2 Sin § (oCj^ +P jj),Sin § ^ 


lc«s^ 4*1 #^^4*2 


Sin § (a 1, + P J .Sin | (p k k^^ ^ 


Icsiq jjit i , q ^ 


(5.14) 


where q^^ «» p/S^ ^2 “ 


p , triplen number of pulses/half cycle and 
n % order of harmonio. 

.'a ard are beXanaed ead la«-, aac^r 

other by wf.so only nontriplen odd hantonics wxU be present 
in the line to neutral voltages. Eguaticai C5.U) can be 
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to find the hermonlc content in the line to neutral voltage 
for p e 3 , 6 ^ 94.12 etc,, knowing corresponding a . ani p 
from equations (5.11) and (5,12). 

A computer programme has been developed to find. out 
the relative harmonic content in the inverter output voltages 
for any c^iven pulse number. 

Illative harmonic contents for equal pulse widtii 
modulated inverter output voltages are shown in Figure 5»7 
(corre^onds to Table 5,1; for triplen number of pulses per 
half cycle. The following points can be noted for the 
charactoristics shewn in the above-mentioned figure. 

(i) As pulse Width changes proportionately with 
the modulation index, the magnitude of the fundamental 
changes almost linearly with the modulation index (n^) while 
tlie pulse position remains unchanged. 

(ii) For constant modulation index, increase of 
pulse number does not affect the p.u* fundamental volta^ 
significantly as the total jsalse width for different levels 
of voltages remains constant* 

(iii) As modulation index decreases from units (maximum 
fundamental voltage) to zero (zero fundamental output), those 
characteristics illustrate the r^id increase in relative 
low order harmonics lower niatiber of pulses per 

half cycle* 
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(iv) The harmonic peak, during the process of 
modulation yields high relative values for some values of 
m . For example the fifth harmonic at m = 0.5, o = 3 
IS comparable to the fund arte ntal [Figure 5.7(a)] . 

( v) It IS seen from Table 5,1 that fifth arxS 
seventh harmonics reduce as the number of pulses per half 
cycle is increased. 

With triplen number of pulses 'p* per half cycle/ 
only the (2p + l)th order harinonics become predominant as 
compared with other harmonics. 

The magnitude of haniionics lower tnan the predominant 
( 2p +l)th order/ though small/ do not change appreciably with 
the increasing pulse number, 

(b) Non-triplen Number of Pulses Per Half Cycle 

In case of non-triplen number of pulses per half 
cycle, the following features are present: 

(i) The output line to line and line to neutral 
voltages have only half wave symmetry, 

(ii) The instantaneous voltage finctions are neither 
even nor odd, which results^existanoe of a^^, arx3 v 

Aid lastly ,(lil) the Une to UIK or Une to neutral 
voltages becoms unbalatced. One example of such unbalancing 

is shown in Figure 5,4, 
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For 4 pulses per half the help of 

equetxons ( 5 . 3 ) eed ( 5 . 4 ) end the lx® to neutral voltages 
of the Figure 5.4, the followxng expresexons for can 
be written; 

Case~I ^ X xTij^ 5 : 1 

4V, 

^n “ 5nr 1 ^“1 + sxn £ (P^ - a^) 

+ Cos ^ (a^ + 11 / 3 )* Sin ^ (ii/3- a^) 

+ 2«Cos I (P2 +V3)Sin ^ (^2 ' + 2 .C 0 S ^ 

(a^ + 2V3). Sin | ( 2 V3 - “ 3 ) 

+ Cos § (2V3 + P 3 ). Sin ^ (P 3 - 2it/3) + Cos | 

( “4 + P 4 ). Sin I {p^ - a 4 ) ] (5.15a) 

4V-_ 

^ ^n * 37^ § ^‘^l + ^1> 1 ^^1 ” ""l^ + § 

( + V3) Sin I (II /3 - a 2 ) + 2.Sin § ( P 2 + 

Sin § (P 2 “* + 2 Sin I ( 03 + 211/3) .Sin |( 211 / 3 - 03 ) 

+ Sin I ( 2V3 + P 3 ) Sin I ( P 3 - 2it/3) + Sin | 


(04 + P 4 ). Sin I (P 4 - 04 ) ] 


(5.15b) 
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Case-II 0<mj^<l/3 

4V^c 

“ 'PIT 2 +Pl)-Sin “ - a^) + 2 wCos “ 

^“2 2^ ‘Sin ^ ( ^2 ” “ 2 ^ 2^®3+^3^- 

Sin § ( P 3 - a 3 ) + Cos f (a^ + p^) .sxn §( P 4 -a 4 ) 

( 5«l6a) 

4V, 

‘’n = snT [Sin I (“1 + Pi).sin S -a^) + 2^in a 
^ ^2 ^ 2^ * Sxn *2 2 ^ 2^ 2*Sin ^ ( (X^ +P 3 ) ♦ 

Sin a(Pj . (Xj) ^ Sin §(« ^ + p^).sin § . a^) 

(5.16b) 

Therefore, and can be easily computed from equations 

(5.15) and (5.16) for Sinilar expressions of harmonic 

amplitude and harmonic phase angle tor and could 

also be written. Table 5,2 shows the relative harmonic 

content, all the phases for varying modulating index. It 

IS observed that the magnitudes of the fundamental component 

of V » V, and v for a constant modulation index are not 
an bn cn 

equal* though total pulse widths in all the three phases 
are equal. Besides, harmonic contents are also not eqL»l 
in all the three phases. 

Here each line to neutral voltage changes its 
shape depending upon the operating range of the iruodulating 
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index whereas the total pulse width remains unchatwed 
in 3.1 X titl3 tihirGS phssss. Ths nunibsr of cnsngss in 
pattern of the aoove waveform depend on the non-triplen 
number of pulses per half cycle. It is also noticed that 
whenever \ oi p equals to a multiple of %/f within a 
period of half cycle/ the waveform chanqes beyond that 
values of OCj^ or P as m^ is changed. An exaaple/ to 
cleat this complexity of the changes/ can be given as 
follows. 

Prom equations (5,11) and (5.12) 

2pa. 

m^ = (2k- -^-1) (5.17 a) 

and “k'^k'p (5.17b) 

In case of p = 4/ less thanii/3. 

From equations S,l7(a) and S, 17(b)/ m^ = 1/3 at ^2~ 
slmllhrly «*> “3(ma*) 

m^L = 1/3 for P 3 ” 2 V 3 . SO/ wavesnape will cnange beyond 
ss 1 / 3 » That is why two cases have been considered while 
writing the Fourier coefficients of line to neutral voltage 
for p *a 4. 

Considerii^ this unbalancing of the as well as 

phase voltages shown in Table 5.2/ non-triplen number of 
pulses per half cycle are not acceptable within the control 
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number o± oulses are considered in later part of this 
Chapter and compacison has been made among different 
triplen number of pulses per half cycle. 


5.5.2 Nature of Stator Current in Equal Pulse Width 

Modulated Voltage Source Inverter Fed Induction 

Motor 

( a) Effect of Modulation, Inde3< and Nimber of 

Pulses on r.m.s. Value of Fundamental Stator 
Current 

As p.u. fundamental voltages for any constant 
modulation inde3< are almost equal for different values of 
p, the pulses per half cycle (shown in Table 5,1)^ Ihe 
r.m.s. value of the fundamental stator current for any 
given speed will change according to those p.u. values. 

It is found from Iigure 5.8(a) that at constant 
inverter frequency and motor speed, fundaitental component of 
motor current changes almost linearly with the modulation 
index for any triplen nuii&ier of pulses per half qycle. 

But to maintain constant flux in the machine, fundai- 
ifvantal component of motor current decreases slowly as 
modulation index decreases for any given motor speed. 

Figure 5.8(b) shows such typical characteristics though 
it is basically regulated by motor parameters and operating 
frequency of the inverter. Constant current characteristics 
would have been obtained if stator resistance and rotor 
tin© < 3 onstant of the motor would have been made ideally zero 
and infinite respectively. 
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(b) Effect of Mociulation Index and Number of 
Pulses on r.m,s. Values of the Harmonic 
Stator Current 

Figures 5, 9(a) and 5, 9(c) snow the exa.ftple of the 
5th and 7th harmonic current characteristics with varying 
modulation index for different number of pulses per half cycle 
at 60 Hz, It IS observed that at constant frequency/^ harmonic 
currents change according to the change of their respective 
harmonic voltages corresponds to Figure S,l^ 

The same characteristics are shown for constant 
voltage to frequency ratio in Figures 5.9(b) and 5,9(d>) 
where it is noticed that at low values of modulation index / 
harmonic currents become highly comparable with the r,m,s, 
value of fundamental stator current. 

Speed of the motor does not affect these haannonic 
currents for any particular value of modulation index and 
fixed number of pulses per half cycle. One such typical 
constant current characteristics is shown in Figure 5.9(e) . 

So, far only the effect of individual harmonic 
current is considered. But the coribined effect due to 
all existing harmonics in the waveform may become sufficient 
enough to cause subsequent increase in motor ai^res a«3 
heating. To investigate it, from equation (3.13) 

^Iq “ ^llq ^^Sq ^I7q ^ 

“ ^llq ^Ihq 


CO 
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(b) Effect of Modulation Inaox and Number of 
Pulses on r.m.s. Values of the Harmonic 
Stator Current 

Figures 5.9(a) and 5.9i(c) snow the exanple of t±is 
5th and 7th harmonic current characteristics with varying 
modulation index for different number of pulses per half cycle 
at 60 Hz. It IS observed that at constant frequency/^ harmonic 
currents change according to the change of their respective 
harmonic voltages corresponds to Figure 5,7. 

The same characteristics are shown for constant 
voltage to frequency ratio in Fxgures 5.9(b) and 5, 9(d) 
where it is noticed that at low values of modulation index# 
harmonic currents becone highly comparable with the r.m.s. 
value of fundamental stator current. 

Sp«30d of the motor does not affect these harmonic 
currents for any particular value of modulation index and 
fixed number of pulses per half cycle. One such typical 
constant current characteristics is shown in Figure 5.9(e) . 

So# far only the effect of individual harmonic 
current is considered. But the coitoined effect due to 
all existing hartronics in the waveform may become sufficient 
enough to cause subsequent increase in motor amperes and 
heating. To investigate it# from equation (3.13) 

» ^llq + ^Ihq 


cx> 
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where is the instantaneous harmonic current. Therefore, 

t2 -2 2 

^Iq “ *^llq + ^Ihq r.ni.s. quantities) (5.18) 

where = T ij or (^) = ? 

n=5,7,ll ^llq n=5,7 ^llq 

(5.19) 

This ratio of r.m.s. value of harmonic current to 
r.ni.s* value of fundamental current can be called as “current 
harmonic factor"* 

Typical current harmonic factor versus modulation 
index characteristics for different pulse number has been 
shown in Figure 5.10. The following points can be noted 
from tJie above figure. 

( i) As at very low output voltages, low order 
harmonics are as large as fundamental output, as a result 
of which current harmonic factor increases significantly 
at low values of modulating index. 

(li) Increase of number of pulses per half cycle 
greatly affect this characteristics. Depending upon the 
relative harmonics contents, current harmonic factor 
generally decreases with increasing pulse number. 

Table 5.3 shows the exact variation of this 
current harmonic factor which is, of course a measure 
of total harmonic content in motor current with varying 

speed and number of pulses per half 


modulatir^ index, motor 



cycle. 

Figure 5,11 cjepicts the exaiTiple of instantaneous 
stator current waveforms for equal pulse wic3th modulated 
voltage source inverter fed induction motor. Different 
number of pulses per half cycle and varying modulation 
inde3< at constant inverter operating frsquency are considered 
in the said figure , Here the peak current and the wave- 
shape for a particular motor parameters are regulated by 
the following factors 

(i) r*m,s. value of fundamental stator current. 

This is mainly affected by motor speedy modulation index 

and inverter operating frequency. 

(ii) Ratios of r.m.s, value of individual harmonic 
current to r.m.s. value of fundamental current. This is 
mainly affected by motor speed/ modulation index, inverter 
operating frequency, number or pulses per half cycle 
the order of harmonic, 

(iii) Fundanental and harmonic power factor 
angles. These are mainly affected by inverter operating 
frequency and speed of the motor though the later one ^ 
also depends on the order of harmonic. 



150 


5.5,3 


iKluctaon Motor. “ Inverter ped 


Effect of nurrt»r of pulses per helf cycle and 
modulation index on a steady harmonic or average torque 
and pulsating harmonic torque are studied in this section. 

A computer programme is also developed to Calculate the above- 
mentioned qutetities for any modulation index, number of 
pulses per half cycle and inverter operating frequency. 
Voltages, having values Icwer than 0 , 1 % of the fundaiental 
nscf looted in calculating the torgue. 

( a) Steady Hantonic Torque or Average Torque 
Average torque is generally produced by the 
reaction of harmonic air gap fluxes with harmonic rotor 
currents of same order. Figure 5.12(a) shows the average 
torque- slip characteristics for varying modulating index 
at constant frequency of 60 Hz, This characteristics will 
be nearly same for any triplen number of pulses per half 
cycle. 


Figures 5, 12(b) and 5.12(c) shew the variation of 
steady fifth and seventh hamomc torque with the modulation 
index for different number of pulses per half cycle at 
inverter operating frequancy of 60 Hz, But these characteristics 
resemble the harmonic current versus modulation index 
characteristics of the Figures 5.9(a) and 5.9(c) because 
individual harmonic is only responsible to produce respective 
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steady harmomc torque , The sere charactertstLcs couU 
have been drawn for constant fUa in the machine, but in 

that case also it would resemble with tie Fiqures 5.9(b) 
and 5, 9(d), 

(b) Pulsating Harmonic Torque 

The same computer Programme has been developed to 
find out all the possible pulsating harmonic '/taicing all 
possible combination of harmonic rotating fluxes and 
harmonic rotor currents till the thirty seventh harmonic, 

G snerally, principal pulsatory harmonic torques (sixth, 
twelfth, eighteenth etc.) arise from the interaction between 
fundamental rotating flux and harmonic rotor current and 
vice versa. 

As sixth or sometime twelfth harmonic torque 
depending upon number of pulses per halt cycle predominates 
over other pulsating harmonic torques, so only these two 
lowest order harmonic torques are considered in this 
sub-section. 

Figure 5,13 shows the sixth harmonic torque versus 
modulation index characteristics for different notor speeds 
and number of pulses per half cycle. The following features 
can be noted from the said figure, 

(i) In general, as ^eed of the notor increases 
pulsating sixth harmonic torque increases upto a certain 

However, beyond this vali® of ^>eed the 


speed of the motor. 
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aoove torque may decrease wxth increase in speed. 


(li) The peak of this characteristics is mainly 
dependent on the relative lower order predcaninant harmonic 
contents in voltage; As fifth and seventh harmonics are 
highly comparable with the fundanental for three pulses 
per half cycle within a range of modulation index (0.55 ^ m^ 
^ 0*75) , that is why sixth harmonic torque reaches its peak 
within the said range of modulation index irrespective of 
motor speed. This feature is shown in Figure 5, 13(a). 


Whereas for other higher triplen number of pulses 
per half cycle# sixth harmonic torque decreases with the 
modulation index. 

(ill) AS lower order harmonics get reduced with 
increase of number of pulses# the above torque decreases 
accordingly with the higher values of p. 

Figure 5*14 shows the twelftn harmonic torque 
versus nodulatLon index oharaoterrstxos for different 
™otor speeds. Here also t» followin, points are notable. 

CD inoreasina motor speed inoeases tweUth 
harmonic torque upto a certain speed as in the 
sixth harmonic torque stated earlier. 
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(ii) Though twelfth harmonic torque decreases 
with modulation index in gereral, but in case of 6 
pulses per half cycle [Figure 5, 14(b) the characteristics 
resembles to the sixth harmonic torque versus modulation 
index characteristics for 3 pulses per half cycle 
[Figure 5, 13(a) 3 with a 50% reduction in magnitude. 

In general^ for 3p number of pulses per half cycle, 
this type of characteristics would occur for (6p)th pulsating 
harmonic torque y. So higher order pulsating harmonic torque 
can be greater than lower order pulsating harmonic torques 
depending upon the number of pulses per half cycle. As 
example, for 6 pulses per half cycle. Figure 5.13(b) and 
Figure 5.14(b) corresponds to sixth and twelth harmonic 
torques respectively. 

Tables 5, 4(a) and 5, 4(b) show the sixth and twelfth 
harmonic torque respectively for different number of pulses 
per half cycle and motor speed, keeping modulated output 
voltage to operating frequency of the inverter constant. 


5,5,4 Torque Pulsation in Induction Machine Driven by 
Equal Pulse Width Modulated Inverter 

Inspection ot Figure 5.7 reveals that the amplitudes 

of voltages at (2p-l)th ard ( 2 p+l)th frequency are very 

nearly same. This gives rise to large currents at these 

fwqi^noies art hence large torque pulsation at (2p)th 

frequency. Figure 5.15 shows the instantaneous hansonic 
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torque (i,e, instantaneous electromagnetic torque — steady 
harmonic torque) computed tor the machine under consider- 
ation, Figure 5, 15(a) and Figure 5.15(b) indicate torque 
pulsations at six timas the inverter operating frequency 
for 3 pulses per half cycle, whereas for 6 pulses per half 
cycle, the said pulsation occur at tojelfth time the inverter 
operating frequency which ate shown in Figure 5, 15(c) and 
Figure 5, 15(d), 

So use of P.W.M. inverter in the mode of constant 
number of pulses per half cycle produces large torque 
pulsations as large voltages are available at harmonic 
frequencies adjacent to ( 2p) frequency. Generally low 
order predominant harmonics (2p-l)th and (2p+l)th axe added 
to produce torque pulsations at (2p)th harmonic frequency.. 
However, if number of pulses are large, these pulsations will 
be less due to tte reduction in the harmonic currents. 
Besides, torque pulsations at high frequencies can be easily 
overcome by the mechanical inertia of the rotor shaft of the 

induction motor. 










FIG 5 2 SIMPLE PULSE WIDTH MODULATED VOLTAGE SOURCE INVERTER 
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Modulation j 3 pulses per ; 6 pulses per 9 pulses per | 12 pulses 
index « half cycle i half cycle 5 half cycle J half cy<d.i 
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Modulati^ J 3 pulses psr J 6 pulses per J 9 pwlses per « 12 i^ilses 
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TABLE 5,4 (b) 

variation of twelfth HAia^OKlC TORQUE WITH MODUIATION INDEX FOR DIFFERENT MOTOR SPEEDS 

{INV^TER OUTPUT VOLTAGE TO F5E(XJSNCY RATIO IS CONSTANT) 
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Chapter - 6 


CONCLUSIONS 

A method of analysing the performance of symmetrical 
Induction machinery with applied voltage of ar^ periodic 
form has been developed. Fourier analysis provides a conve- 
nient method for studying induction motor performance when 
supplied from a thyristor inverter. In Chapters 3 and 4 
the voltage applied to the motor is assumed to be of six step 
waveform. This provides a sufficiently accurate calculation 
of motor performance. However# in practical systems# the 
applied voltaga is not rectangular and this method should 
not be used for predicting current waveforms. 

The power and developed electromagnetic torgue may 
be expressed in terms of inductance coefficients and the 
product of the winding currents for any form of excitation 
function at constant frequency (Ch^ter - 4) in stationary 
reference frame. Even instantaneous torque can be expressed 
in the form of an infinite series containing function of 
induction machiae constants* This makes it possible to 
grasp the overall characteristics of the said torque. The 
nature of the electromagr^ tic torqi£ produced by the motor 
has been studied. 

A method of estimating torque pulsations under steac^r 
results from single phase equivalent circuit 


state using the 



has been presented. The method indicates that tte torqce 
fluctuations are mainly due to the fundamental flux and 
harir^nic currents and vice versa. Since the fundamental 
flux is normally 1,0 p,u. the aoove perturbation in torque 
can be reduced only by reducing the harmonic currents, 

A. method of determining the steady state pulsating 
harmonic torque acting on the rotor of the induction machine 
when supplied frcm inverter has been given. The effect of 
speed and change of inverter voltage and frequency have been 
incorporated in the analysis. It is shown that the pulsating 
harnjjinic torque has siqnificant effect on instantaneous torque 
especially at high speeds. For practical systems this 
pulsations at low frequencies becone greater than that of 
steady harmonic torque at close to synchronous speed region. 
The harmonic produced steady state torque are usually very 
small and can be neglected in comparison with the ftoidamental 
torque* 

It has been also shown that the torque harmonics 
have f ce^quencies of the type *6 for the case of motor 

being fed by inverter where is the frequency of the 
inverter and k is an integer. As it has teen stown that for 
computation of torque harmonics of the order of * 6k* it is 
sufficient to consider the current hantionics of the c^der 
( 6k-l) and ( 6k+l) , 



The control of current and torque harmonics by 
modulating the input stator voltage within the inverter 
has been studied in Chapter - 5, it is shown that for 
the balanced system^ number of equal pulses per half cycle 
should be a multiple of three. By increasing the number of 
pulses per half cycle/ the significant harmonic frequency 
can be increased which then becomes easier to filter out. 

That is^ with pulsed inverter/ the pulsations at the modula- 
ting frequency predominate. As it can be reduced by reduction 
in harmonics/ therefore it will be advisable to teep the 
number of pulses per half cycle to be high enough. But in 
this scheme/ the maximum available value of fundamental 
voltage decreases be low that of six step waveform. 

The common drawback of multiple pulse scheme lies 
in the lowering of the efficiency, Bach conmutation of 
the main tiiyristors shown in Figure 5, 1(a) entails certain 
amount of eretgy losses and total loss is its multiplication 
by the number ef switching per half cycle. 

The theoretical effect of nimber of pulses per half 
cycle and modulation index on several performance features 

of the indiiBtion motor also have been reviewed. Certainly 

/ 

the ruggedness of the squirrel cage induction motor plus 
the ability to produce variable voltage and inverter curating 
of the modulating scheme are valuable and unique 


frequency 
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APPENDIX A 

DETAILS OP THE SQUIRREL CAGE INDUCTION MOTOR USED 

Number of phases * 3 Number of poles : 6 

Connection t star output power : 10 h»p. 

liine to line voltage : 220 volt Frequency s 60 Hz 

The parameters of the motor per j^ase are* 

Stator leakage inductance = 0,0364801 henry 

Rotor leakage inductance L ^2 ® 0,0357002 henry 

(referred to stator) 

Mutual inductance between M = 0,0351467 henry 

stator and rotor phase 
( referred to stator) 

Stator resistance = 0,294 ohms 

Rotor resistance referred r^ = 0,144 ohms 

to stator 
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APPENDIX B 

INVESTIGATION OF THE STEADY STATE OPERATION OF A ‘HiREB 
PHASE VOLTAGE SOURCE INVERTER WITH 120* CONDUCTION FOR 
h GIVEN R-L LOAD IN STAR CONNECTION 


A8SUn|>tion8t 

(i) Two thyristors conduct at any instant 

(ii) Bach thyristor conducts for ti»o third of the 
total time period 

(iii) Commutation intervals are neglected 

(iv) Balanced three /phase load without any mutual 

effect* 

At the end of e^h T/6 period, one thyristor is 
turned off and the corresponding load terminal is disconn- 
ected from the source. But the presence of any finite load 
inductance pre^^nts any instantaneous change in the individual 
branch current of the load. Therefore, during the interval 
T/6 it Is clear that two distinct circuit states exist; 

^ phase load disconnected from the inverter and 
(ii) all the load phases connected to the inverter. 

For exanpJe# as mode-I begins with turning off of 

Sg and turning on of S^, i^^^ is to be equal to ij^ in 

magnitude if load terminal ‘c* gets disconnected simultaneously 

from the corresponding output terminal of the inverter. But 

was positive. Wxereforsi. 


in the previous mode of cperation, i^j^ 





currsnt^ through phds6 *c* cannot be zero instantaneously 

at tha starting of inode**!^ As a result/ i is diverted 

cn 

into the feedback: diode and closes its loop through s, 
shorting the load branch *b‘ and 'c‘. Thus in the beginning 
of mode-I/ Vj^ » 0 and not - as in the case of resis- 
tive load and aixS not - 

let ‘t^* be the instant at whidi i_^ beccanes equal to 
o an 

ij^P^ but of negative magnitude , then ' 

-t A 

* 2 .V ( 1 -e ° )/ 3 R « !• (say) (B.l) 

an o oc 

where x « time constant of the load and initial current 

in phase 'a' is zero (as this phase was already c^en at the 
end of previous mode) , 

In the rest of the interval of mode-I, with the disconne- 
ction of Une 'C, voltage is experienced by branch ‘a* 
and 'b* in series. Therefore, at the end of mode-I 

-(T-6 t )/6i^ , , , V 

i^(T/6) . V^^ 2 R + e ° - v^</ 2 R}= I- ( say) 

(B. 2 ) 

hs begins with turning off of and turning 

on of ^2' P^®®® ooptinijes to conduct for a while through 
D3, so that the braiKJh ‘a* area ’b* becomes shorted, enabUng 
the magnitude of i^^^^ to come down to zero value and i^^^ to 
become negative. Thus in the initial part of raode-ll, 
plays the role of reverse direction, 
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Therefore, 


° + I" e l»* (say) 


(B.3) 


The sub-interval of mode— II wxll end again at t^ when 
^an equal to of negative magnitude and 

ceases to conduct. Consequently, 

-(T-6 t„)/6'c 


lan(T/3) - tl-e 

e= I”" (say) 


, -(T-6 t )/6^ 

° VZR + I"* e ® 

(B,4) 


But in the steady state owing to the half cycle as 
well as the phase symmetry 


-tVT 


° )/3R + T“« e " =0 (B.5) 


-t^T 


'dc' 


Now combining equation (B,4) and (B.5) 


-t /t 


-t /t -T/6'F 


Ml 


(1-e ^ )/3 = (e ^ - e 


)/2 + (B.6) 

dc 


with the help of equation (B,3) the aforesaid equation 

beccittef 


( i-e 
where. 


-fe A 


)/3 « (X + y) + 


Rl" -CT+6 t^)/6'C 


(B.7) 


''dc . 


X = (e 


-t /t -T/et 


- e 


)/2 


and 


-T/6 -( T+6t )/6 T 

{e - e ° >/3 
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Again combining equations (B.7) and (B,2) 


( l«»a 

where. 




)/3 » (X + y + Z ) = ^ 


'dc 


-<T+6 t )/6'P /3^ 

Z « { e - e 1/2 


(B.8) 


Substituting the expression of i* from equation (B.l) in 

—T/BT* *“7/3*^ 

the above equation, 2( 1-e )(1 - e - 2 e ) 

-1 


.3(Ue-^/^^) (e“° -e-^/^'^) (B.9) 


U + V.e 


-T/6'C 


Therefore t^ « -t. log^ { — y ^ y 


} 


(B.IO) 


where 


. - -T/6 <, -T/3T. 

u SB 2 (1-e ^ - 2e ) 


ajnd 


^ -T/6t> 

V 5= 3 (1 + e ) • 


Figure B.l shows not only the line to line and line to 
load neutral voltages but also illustrates the thyrist»r and 
diode conducting sequence along with the load current flow 
in the inverter for the assumed current condition. Evidently 
the voltage weveform is different f rc»n the case of pure 
resistive load which was shown in Fig. 2,5, It can be noted 
that open circuit occur twice per phase per cycle provided 
the current intersects the zero axis. Since the inverter 
IS triggered symmetrically, it is clear that three load 



currants are both three phase and half wave synanetric, 
Honca# the zaro current interval and phase angle between 
voltage and current-zero crossings are identical in all 
three phases* 

Further ’t^' changes with t, i.e. the power factor 
of the load. Because of the load dependent nature and 
consequent uncertainity of the output voltage the inverter 
with 120* conduction schedule has only limited application 
as a voltage source inverter. 



I® iM lao* a)MDlJCra;ON (3 SCRs) CONIHOIt AND 120® CONDUCTION 
( 2 CONTROL IN M3LTAC£ SOURCE IHIERTBR 



time Is 


J 

P 


to 

B 

a 

H 

u 

0 


d 

c 

0 

p 

a 

0 

B 

u 


0 

s 

p 

0 

0 


H 



V 

N 

d 

*2 

3 

d 

fi 


0 

0 

0 

Q 

d 

r9 

H 

1 







•S ^ 
<o«) ® iJ 

§§S 

O M & fO 

isl'BlS 

S fl « s n +3 

t)^ Q S'+J ^ -o 

4 ^ 85 ^ 8 ° 8 

G a 

Hd 0 '+4 

„ ^ 0 -H H <D 

« 5 S H +> >0 

■3.3 ■3*; *2 

a H ctj 3 

gSSSS'” 

sSgsis 

Q (3 C (3 (D H 

**4 .G 54 

Sh 4J D 3 
<ur-j fd 0 

^ E' ty*^ 0 4J 

3 e m a 


131 o; 

Q (3 G 


rt C 4J 

<.u 01 iH G (U m rH 

0 -3 d M -U O 

« fO S 3 01 > 

0 0 Q M 4J G 

a * gt nl 0 A 

p tj 43 G O 01 


G -^G 0 
+* 

•H G d 0) 
? > 3 3 
H G 
-o m «« 

m G rH m 

•0 C G i> 


G ft 0) 
G ft C 
3 


G O G G 
0 0 -H d 
id m 

s 5 l 2 s 

|5S2 


id h 4 0 W 

G > 3 ♦ 

G O G G 
«i 0 ^ G 
^ 3 0 G d 

1” & >9? 

’© C G d > 

43^ G 0 

d G 

1-4 (D >, ra 0 
r-» G G O d 
^ 0 S ft ^ 


g-2" 

fs! 

H O 


"§a 


G 0 • 
G 3 G 

In 

3o« 
G G 0 
d G >< 
M 0 G 
N 0 

5 G « 

gS2{ 

V 4> U 
fO m o 
(D to 

ucn Q) 


tJi? 

} dll^j G 

; d G G >4 • 

, 0 C O G G 
i d d d H 

! S' d C NG 

' 0 1 d 5 3 
D> G 0 g 
0-d G G 
3 d 0 G G 

G g M 
G 0 I G >t 
G 0 GHl 
0 G O G 

d 5 G 1 0 
O ii ^ G 
44 G 0 c 

jS'S'SS 

0 d HI 

■9 S S 3 

GGG 0 g 
H £4 tH "d 
d G HO 
0 0 0 
> (d •G n> 
G 0 C d C 

9 O G H 
G g G 0 

^ 0 G R § 

CO O 3 d 0 

H -P 3 0 


0) 

•P CSf 

r. ^ 

d s 

•H m 

c ^ 

o 

4J*0 

CO d 

u 

h ^o 

to 

»k 

>( m 

§5 

0 d* 
O W 


M U/ 

O O* C -d G 
0 3 0 d G 
0 00 G « 
G C 0 G O G 

0 G G. 0 d 

3 0 C 3 O 

1 G 3 0 0 0 

O ^ I g O-d 

O ti O d C d 
O Q 0 >1 
G • 0 0G 

£ Si <Q m 

V oJS-H 3 

S V u m m 

i>% m m 

J!S8S“| 
0 0 0 0 
G 0 0 0 

G *0 S 3 >» 
>iG G 0 -njq 
H 0 >0 C 

sa-s^es 

G 0 O G u 
0 d >1 3 
<0 G ft G H o 

G d d G G 

IS^BIg 

•rt CO m 

r4 4) H d^ 
*0 M o u m 
0) >< d -p 44 
s d d O 

5 P 5nP 5 ^ 

r-i <0 g +> 

^ ® S 0 H H 
ox; £ to d 
44 P m P V 
B >tU 
tn 44 r4 44 nJ ^ 
^ O P O g o 


ns 

? 2e 

^ >PSf 

1 arf 

I -g 

o 

d 0 *0 
G d 

6 G » 
ft 2. d 

O’ o 

H G 0 
G 

0 G 
0 0 « 

0 ® 

k B 

; O G 1^ 

G d 0 

« d 0 
G G G 
G > ft 

^52 

ft 0 • 

c ^ 

0 TJ d 
d G % d 
G >t G 3 
5- O d O 
C H q 

i'S'E 

1 “■a* 

0 G >t d 
d £ 0 
0 O 0 0 

0 0 

d 4^B»‘ 

1 |.dg* 
aB|d- 

0 » I’D 

3 £ C G 
ft 0 0 

0 G G 
3 0 £ u 
O O 0 

■D tel gS 

B 0 0 0 

<0 r-l c © 
d 0 0 

^ d G 

ofrl g 

Pi O 




voa. SOLID smis sibed 
cncai motor 









